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Supervisor:  Robert K. Jansen 
 
Plastid genomes of angiosperms are highly conserved in both genome 
organization and nucleotide substitution rates.  Geraniaceae have highly rearranged 
genomes and elevated nucleotide substitution rates, which provides an attractive system 
to study nuclear-plastid genome coevolution.  My dissertation research has focused on 
two areas of nuclear-plastid genome coevolution in Geraniaceae.  First, I have 
investigated the correlation of nucleotide substitution rates between nuclear and plastid 
genes that encode interacting subunits that form the multi-subunit complex of Plastid 
Encoded RNA Polymerase (PEP).  Second, the hypothesis that the unusual changes of 
plastid genome organization and elevated nucleotide substitution rates of plastid encoded 
genes is the result of alterations in nuclear encoded DNA replication, recombination and 
repair (DNA RRR) genes is tested.  The second chapter investigates the optimal methods 
for transcriptome sequencing/assembly.  My findings supported the use of transcriptome 
assemblers optimized for Illumina sequencing platform (Trinity and SOAPdenovo-trans).  
The third chapter investigated coevolution of nucleotide substitution rates between plastid 
encoded RNAP (rpoA, rpoB, rpoC1, rpoC2) and nuclear encoded SIG (sig1-6) genes that 
are part of the multi-subunit complex PEP.  Using the transcriptomes of 27 Geraniales 
species I extracted the PEP genes and performed a systematic correlation test.  I detected 
strong correlations of dN (nonsynonymous substitutions) but not dS (synonymous 
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substitutions) between RNAP and SIG but no correlations were detected for the control 
genes, which provides a plausible explanation for the cause of plastome-genome 
incompatibility in Geraniaceae.  The fourth chapter investigated the effect of DNA RRR 
system on the aberrant evolutionary phenomena in Geraniaceae plastid genomes.  I 
extracted DNA RRR and nuclear control genes with different subcellular locations from 
27 Geraniales transcriptomes and estimated genome complexity with various measures 
from plastid genomes of the same species.  I detected significant correlations for dN but 
not dS for three DNA RRR genes, 10 nuclear encoded plastid targeted (NUCP) and three 
nuclear encoded mitochondrial targeted (NUMT) genes.  The findings of a correlation 
between dN of DNA RRR genes and genome complexity support the hypothesis that 
changes of plastid genome complexity in Geraniaceae may be caused by dysfunction of 
DNA RRR systems.   
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Chapter 1: Introduction 
 Plastid genomes of angiosperms are highly conserved in organization (i.e., gene 
order and content) and nucleotide substitution rates.  However, several unrelated lineages 
(Campanulaceae, Ericaceae, Geraniaceae and Fabaceae) have been identified with 
unusual genomic changes and highly elevated rates of nucleotide substitution.  These 
aberrant plant families, especially Geraniaceae, provide attractive systems to study 
nuclear-plastid genome coevolution.  The research in this dissertation focusses on two 
areas of nuclear-plastid genome coevolution in Geraniaceae.  First, I have investigated 
the correlation of nucleotide substitution rates between nuclear and plastid genes that 
encode interacting subunits that form the multi-subunit complex of Plastid Encoded RNA 
Polymerase (PEP).  Second, the hypothesis that the unusual changes of plastid genome 
organization and elevated nucleotide substitution rates of plastid encoded genes is the 
result of alterations in nuclear encoded DNA replication, recombination and repair (DNA 
RRR) genes is tested. 
 Chapter 2 investigates the optimal methods for de novo transcriptome sequencing 
and assembly.  This study was a necessary prerequisite for gathering transcriptome data 
across the Geraniales for chapters 3 and 4.  In chapter 2 transcriptome data of Geranium 
maderense and Pelargonium x hortorum were gathered using two different sequencing 
platforms (Illumina and 454) and assembled with five different de novo transcriptome 
assemblers (MIRA, Newbler, SOAPdenovo, SOAPdenovo-trans and Trinity).  The 
results indicated that assemblers optimized for Illumina data (Trinity and SOAPdenovo-
trans) produced the optimal transcriptome assembly.  In addition, by comparing different 
amounts of Illumina data no major improvement in breadth of coverage was obtained by 
sequencing more than six billion nucleotides or sampling four different tissue types rather 
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than a single type of tissue.  This study provided important data for optimizing methods 
for transcriptome sequencing in the remaining two chapters of the thesis.  The results of 
the study have already been published in BMC Plant Biology (Zhang et al., 2013). 
 Chapter 3 investigates coevolution between nuclear and plastid genes encoding 
interacting subunits that form the multi-subunit protein complex PEP.  Gene coevolution 
has been widely observed within individuals and between different organisms but rarely 
has this phenomenon been investigated within a phylogenetic framework.  In plants, PEP 
is a protein complex composed of subunits encoded by both plastid encoded RNAP 
(rpoA, rpoB, rpoC1, rpoC2) and nuclear encoded SIG genes (sig1-6).  I performed 
transcriptome and genome sequencing of 27 species of Geraniales, from which we 
extracted the RNAP and SIG genes.  A systematic evaluation of nucleotide substitution 
rates of these genes was performed.  I detected strong correlations of dN 
(nonsynonymous substitutions) but not dS (synonymous substitutions) within rpoB/sig1 
and rpoC2/sig2 but not for other plastid/nuclear gene pairs, and identified a correlation of 
dN/dS ratio between rpoB/C1/C2 and sig1/5/6, rpoC1/C2 and sig2, and rpoB/C2 and sig3 
genes.  Analyses of coevolved amino acid positions suggest that structurally-mediated 
coevolution is not the major driver of plastid-nuclear coevolution.  I suggested that the 
strong correlation of evolutionary rates between SIG and RNAP genes is a plausible 
cause of plastome-genome incompatibility in Geraniaceae.  The results of this chapter 
were published in The Plant Cell (Zhang et al., 2015). 
Chapter 4 investigates the role of DNA replication, recombination and repair 
(DNA RRR) system on the aberrant evolutionary phenomena in Geraniaceae plastid 
genomes.  Alteration of the DNA RRR system has been hypothesized as a potential cause 
for the unusual phenomena in Geraniaceae plastid genomes but has never been tested.  I 
extracted 12 DNA RRR genes and 90 nuclear encoded control genes with different 
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subcellular locations (plastid, 30; mitochondrial, 30; other, 30) from the transcriptome of 
27 Geraniales species.  Plastid genome complexity was estimated in all species using four 
different measures (rearrangements, repeats, nucleotide insertions/deletions and 
substitution rates).  A systematic evaluation of correlation between nucleotide 
substitution rates of DNA RRR, nuclear encoded control genes and plastid genome 
complexity was performed.  I detected significant correlations for nonsynonymous (dN) 
but not synonymous (dS) substitution rates of three DNA RRR genes (uvrB, why1 and 
gyra), 10 nuclear encoded plastid targeted (NUCP) and three nuclear encoded 
mitochondrial targeted (NUMT) genes but no other control genes.  Comparisons between 
Geraniales and Brassicales suggested that all five gene groups (plastid encoded, NUCP, 
NUMT, NUOT and DNA RRR) have higher rates in Geraniales, but only plastid encoded 
and NUCP gene groups showed significant accelerations of dN in Geraniales, and only 
plastid encoded genes show significant acceleration of dS in Geraniales.  Detection of a 
correlation between dN of DNA RRR genes and genome complexity support the 
hypothesis that the unusual changes in plastid genome complexity in Geraniaceae may be 
caused by the dysfunction of DNA RRR system.  Furthermore, the significant 
acceleration of dN of NUCP genes is a possible explanation for the observed correlation 
between NUCP and genome complexity, and the acceleration of dN of NUCP genes 
could be caused by elevation of plastid genome complexity or other nuclear features.   
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Chapter 2: Comparative analyses of two Geraniaceae transcriptomes 
using next-generation sequencing 
BACKGROUND 
Four remarkable evolutionary phenomena are associated with organellar genomes 
of Geraniaceae.  First, mitochondrial genomes show multiple, major shifts in rates of 
synonymous substitutions, especially in the genus Pelargonium (Parkinson et al., 2005; 
Bakker et al., 2006). Rate fluctuations of such magnitude have been documented in only 
two other plant lineages, Plantago (Cho et al., 2004) and Silene (Mower et al., 2007; 
Sloan et al., 2008, 2009). Second, mitochondrial genomes have experienced extensive 
loss of genes and sites of RNA editing. At least 12 putative gene losses have been 
documented in Erodium (Adams et al., 2002), and mitochondrial genes sequenced from 
Pelargonium x hortorum had a drastic reduction in predicted or verified RNA editing 
sites compared to all other angiosperms examined (Parkinson et al., 2005).  Third, 
genome-wide comparisons of nucleotide substitutions in plastid DNA indicated rapid rate 
acceleration in genes encoding ribosomal proteins, RNA polymerase, and ATP synthase 
subunits in some lineages.  In the case of RNA polymerase genes there was evidence for 
positive selection (Guisinger et al., 2008; Weng et al., 2012).  Fourth, plastid genomes of 
Geraniaceae are the most highly rearranged of any photosynthetic land plants examined 
(Palmer et al., 1987; Chumley et al., 2006; Blazier et al., 2011; Guisinger et al., 2011).  
Multiple and extreme contractions and expansions of the inverted repeat (IR) have 
resulted in genomes with both the largest IR (74, 571bp, Chumley et al., 2006) as well as 
the complete loss of this feature (Blazier et al., 2011; Guisinger et al., 2011).  
Considerable accumulation of dispersed repeats associated with changes in gene order 
has been documented along with disruption of highly conserved operons and repeated 
losses and duplications of genes (Guisinger et al., 2011).  In P. x hortorum plastids, these 
genomic changes have generated several fragmented and highly divergent rpoA-like 
ORFs of questionable functionality (Palmer et al., 1987; Chumley et al., 2006; Guisinger 
et al., 2008, 2011; Blazier et al., 2011), despite the fact that rpoA encodes an essential 
component of the plastid-encoded RNA polymerase (PEP). 
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Because nuclear genes supply both organelles with the majority of their proteins, 
it is likely that the extensive organellar genomic upheaval in Geraniaceae will also 
influence the evolution of organelle-targeted genes in the nuclear genome.  For example, 
given the drastic reduction of RNA editing in Geraniaceae mitochondrial transcripts, it is 
reasonable to expect a correlated reduction of nucleus-encoded pentatricopeptide repeat 
(PPR) proteins, many of which are critical for organellar RNA editing (Kotera et al., 
2005; Okuda et al., 2007, 2009; Fujii and Small, 2011).  In particular, the uncertain status 
of the P. x hortorum plastid-encoded rpoA gene is also likely to have nuclear 
consequences.  If this plastid gene is not functional, then a functional copy might have 
been relocated to the nuclear genome.  To date, this is known to have occurred only once 
in the evolution of land plants, and that was in mosses (Sugiura et al., 2003; Goffinet et 
al., 2005).  Alternatively, it is possible that PEP has become nonfunctional in P. x 
hortorum, as observed in the holoparasite Phelipanche aegyptiaca (Wickett et al., 2011).  
In P. aegyptiaca, loss of all plastid-encoded PEP components (rpoA, rpoB, rpoC1 and 
rpoC2) resulted in the parallel loss of the requisite nucleus-encoded components (sigma 
factors) that assemble with the plastid encoded proteins to form the core of the PEP 
holoenzyme (Wickett et al., 2011).  In contrast, if the highly divergent plastid rpoA gene 
is still functional in P. x hortorum, then the typical set of sigma factors should be present 
in the nuclear genome. 
One prerequisite to begin to address the effects of organellar genomic upheaval on 
the nuclear genome in Geraniaceae, is availability of nuclear sequence information. 
Transcriptome sequencing provides a tractable proxy for nuclear gene space.  The use of 
next-generation sequencing (NGS) for transcriptome sequencing is widespread because 
volumes of data can be generated rapidly at a low cost relative to traditional Sanger 
sequencing (Kircher and Kelso, 2010).  The assembly of reads into contigs may be 
executed using a de novo or a reference-based approach (Ward et al., 2012).  In studies of 
non-model organisms, de novo assembly is more commonly used due to the absence of a 
closely related reference (Pepke et al., 2009; Wheat, 2010).  A survey of recent 
transcriptome studies in comparative biology demonstrates that most sequencing projects 
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are focusing on non-model organisms where little or no genomic data is available (Ward 
et al., 2012; Der et al., 2011; MS Barker; Angeloni et al., 2011; Hou et al., 2011; Margam 
et al., 2011; Roberts et al., 2012; Savory et al., 2012).  The lack of a reference genome 
makes the reconstruction and evaluation of the transcriptome assembly challenging. 
Several issues must be addressed when performing transcriptome sequencing of non-
model organisms, including which NGS platform should be employed, how much 
sequence data is needed to provide a comprehensive transcriptome, which assembler 
should be utilized, and what tissues should be sampled. 
This chapter provides a comprehensive comparison of the transcriptomes of two 
non-model plant species, Pelargonium x hortorum and Geranium maderense, from the 
two largest genera of Geraniaceae.  There were three primary goals for the initial 
comparative transcriptome analysis in Geraniaceae: (1) What are the best sequencing 
platforms and assembly methods for generating a high-quality transcriptome that broadly 
covers gene space in the absence of a reference genome?  (2) Does sequencing from 
multiple tissue types improve the breadth of transcriptome coverage?  (3) Are there any 
losses of PPR proteins involved in RNA editing and sigma factors associated with PEP in 
Geraniaceae? 
RESULTS 
Ribosomal RNA content and Illumina library complexity 
To assess the efficiency of ribosomal RNA (rRNA) depletion in Geraniaceae 
transcriptome libraries, rRNA contigs were identified using rRNA from Arabidopsis 
thaliana as a reference.  All Illumina reads (146,690,142 reads for Geranium maderense 
and 148,749,374 reads for Pelargonium x hortorum) were mapped to rRNA contigs as 
described in Methods, and 0.7% and 2% of the reads of G. maderense and P. x hortorum 
were identified as rRNA reads, respectively.  Library complexity was analyzed using 
Picard (http://picard.sourceforge.net/) and rRNA reads were eliminated prior to the 
analysis.  The percentages of unique start sites were 42.7% and 46.1% for G. maderense 
and P. x hortourm, respectively. The values for rRNA content and library complexity 
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were comparable to other transcriptome analyses using similar approaches (Tariq et al., 
2011; Levin et al., 2010). 
Assessment of sequencing platforms and assemblers for transcriptome assembly  
To determine the optimal sequencing and assembly strategy, the efficacy of five 
different assemblers was examined using two initial data sets generated by Roche/454 
FLX and Illumina HiSeq 2000 platforms for P. x hortorum.  The Illumina run produced 
approximately 40 times more sequence data than the 454 run, even though the cost of the 
454 data was at least four times more than the Illumina data (Table 2.1).  A comparison 
of basic assembly statistics (Table 2.2) showed that the Trinity assembler outperformed 
all other platform/software combinations in terms of number of contigs, number of 
assembled nucleotides, mean and maximum contig length, and N50.  More generally, the 
Illumina assemblers consistently outperformed the 454 assemblers, although the MIRA 
and Newbler 454 assemblers produced longer maximal contigs than SOAPdenovo and 
SOAPtrans.  To determine the amount of usable protein sequence information generated 
by each assembler, the assemblies were translated as described in Methods and compared 
(Table 2.3).  Again, the Illumina assemblers outperformed the 454 assemblers in all 
metrics, with the Trinity assembler providing the most amino acids with the longest mean 
and maximal sequences.  The length distribution of assembled nucleotides and translated 
amino acids further confirms that Trinity outperformed SOAPdenovo and SOAPtrans, 
and all three Illumina assemblers outperformed the 454 assemblers (Figure 2.1). 
Two important considerations in assembly analysis are the breadth of gene space 
coverage and the degree of coverage fragmentation.  A good assembler should generate 
high-quality assemblies that contain as many reference transcripts as possible, and each 
reference transcript should be covered as completely as possible with a single long contig 
rather than a combination of several short contigs.  To assess assembly coverage and 
fragmentation, two published data bases were used, 357 ultra-conserved ortholog (UCO) 
coding sequences (Kozik et al., 2008) from Arabidopsis and 959 single copy nuclear 
genes shared between Arabidopsis, Oryza, Populus, and Vitis  (Duarte et al., 2010).  
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Trinity and SOAPtrans outperformed all other assemblers in terms of the percentage of 
reference genes identified, completeness of coverage (i.e., fraction of reference gene 
coverage by one or more contigs), and contiguity of coverage (i.e., fraction of reference 
gene coverage by a single long contig), with Trinity performance slightly better than 
SOAPtrans at higher thresholds (Figures 2.2-2.3). 
To examine whether the superior performance of Trinity and SOAPtrans was due 
to the much larger amount (40 times) of Illumina data than 454 data, the Illumina 
assemblers were re-anlayzed using a data set containing 1/40th of the Illumina reads 
(Appendix Figure 2.1).  In terms of contiguity and completeness, the performance of 
Trinity using the reduced Illumina data set remained superior to the 454 programs 
(Newbler, MIRA) that used the entire 454 data sets.  In contrast, the performance of 
SOAPdenovo and SOAPtrans were noticeably worse with the reduced Illumina data set 
than with the full data set, producing results that were generally worse than the original 
454 assemblies. 
Effect of sequencing depth on assembly coverage breadth and fragmentation  
To determine how much sequence data is needed to assemble a high-quality 
transcriptome with broad coverage, 146,690,142 reads for G. maderense and 148,749,374 
reads for P. x hortorum were generated on the Illumina HiSeq 2000 platform assembled 
using Trinity with different increments of reads from 5% to 100% of the total.  While the 
number of contigs assembled continued to increase with increasing numbers of reads 
(Figure 2.4A), the percentage of reference genes recovered and their contiguity and 
completeness plateaued at approximately 40% of the total reads (Figure 2.4B-D).  
Including the remaining 60% of the reads increased contiguity and completeness by only 
1% to 2% (Figure 2.4B-C).  Although there were more translated contigs of G. 
maderense than P. x hortorum, the contiguity and completeness of both species were 
very similar. 
Although increasing the number of reads beyond 10% contributed little to finding 
novel hits to the Arabidopsis database, increasing the amount of data helped extend the 
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existing contigs and generate longer alignments to reference genes.  To evaluate this, the 
contiguity of all contigs relative to the two published databases was calculated at 
different contiguity thresholds up to 100% (Figure 2.5).  The inclusion of more reads 
generated assemblies with higher contiguity, especially when contiguity thresholds were 
greater than 50%.  To allow for the high level of sequence divergence between 
Geraniaceae and Arabidopsis, the number of contigs that had contiguity thresholds ≥ 80% 
was calculated.  When 100% of the reads were used 4185 contigs and 4494 contigs were 
found in G. maderense and P. x hortorum, respectively. Reducing the read input to 40% 
reduced contiguity values by 7% (4163/4494) in G. maderense and 11% (3731/4185) in 
P. x hortorum. 
Functional assessment of Geraniaceae nuclear transcriptomes 
The assemblies generated using 100% of the reads for both Geraniaceae species 
were used for functional annotation.  Assemblies were first aligned against the NCBI nr 
database and the alignment results were used to generate the gene ontology (GO) terms.  
Of the 114,762 contigs in P. x hortorum, 56,283 (49%) had blast hits; 42,506 (37%) were 
annotated and 222,765 GO terms were retrieved (Table 2.4). Of the 119,109 contigs in G. 
maderense, 76,332 (64%) had blast hits; 58,461 (49%) were annotated (Table 2.4) and 
311,108 GO terms were retrieved.  The annotation files are shown in Supplemental Data 
File 2.1.  The distribution of gene ontology annotations was examined using GO-slim 
(plant) ontology to compare the transcriptomes of G. maderense and P. x hortorum.  
Although the number of annotated contigs differed substantially between the two 
transcriptomes (Table 2.4), the proportion of annotated contigs in all categories with >1% 
representation within the categories Cellular Component, Molecular Function, and 
Biological Process were very similar (Figure 2.6).  This similarity persists even though 
only emergent leaves were sampled for G. maderense versus four tissue types (emergent 
and expanded leaves, roots and flowers) for P. x hortorum. 
To more directly address the question whether sequencing from multiple tissue 
types improves the breadth of transcriptome coverage, orthologous genes between G. 
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maderense and A. thaliana and between P. x hortorum and A. thaliana were identified.  
Of the 35,386 protein sequences from A. thaliana, the G. maderense assembly had 
homologs to 11,131 sequences and the P. x hortorum assembly had homologs to 11,583 
sequences.  The comparable numbers of orthologous genes found for the two 
Geraniaceae species indicated that there was little improvement on the breadth of 
transcriptome coverage by sequencing from multiple tissue types (1 versus 4 tissues for 
G. maderense and P. x hortorum, respectively). 
Identification of selected organelle targeted genes 
Pentatricopeptide repeat proteins (PPRs) are a large family of RNA binding 
proteins encoded by over 400 genes in angiosperms; most are organelle targeted and 
involved in regulating organelle gene expression.  The transcriptomes of P. x hortorum 
and G. maderense were annotated using 429 Arabidopsis PPR sequences as a reference 
database (Table 2.5).  The overall number of PPR genes varied considerably between the 
two Geraniaceae and Arabidopsis, with PPR gene number reduced in P. x hortorum.  The 
numbers of P class PPR genes were found to be similar in all three species, whereas 
many fewer PLS class genes were found in the Geraniaceae, especially in P. x hortorum.  
Sigma factors are nuclear encoded, plastid targeted proteins that assemble with 
four plastid encoded proteins (rpoA, rpoB, rpoC1 and rpoC2) to form the core of the PEP 
holoenzyme. At least one copy of each of the six Arabidopsis sigma factors was detected 
in both the G. maderense and P. x hortourm transcriptomes (Table 2.5).  The nucleotide 
and amino acid sequence identities between Arabidopsis/Geranium and 
Arabidopsis/Pelargonium for all six sigma factors were very similar (Table 2.6).  The 
four contigs from G. maderense that aligned to sigma factor 2 were similar to each other 
in nucleotide sequence identity (87%), suggesting that they may represent variant copies 
of the same gene.  Two of the three contigs from G. maderense that aligned to sigma 
factor 5 were very similar to each other but less so to the third contig (98% versus 71% 
nucleotide sequence identity).  Sigma factors 2 and 6 were each represented by two P. x 
hortorum contigs, however only one of the contigs for each sigma factor appeared 
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functional having start/stop codons at the 5’ and 3’ ends and lacking internal stop codons.  
Further experiments are needed to determine if the copies with internal stop codons are 
pseudogenes or assembly artifacts. 
DISCUSSION 
Strategies for de novo assembly of transcriptomes 
The use of NGS platforms is widespread and is applied in many research fields as 
volumes of data can be generated rapidly at a low cost relative to traditional Sanger 
sequencing (Kircher and Kelso, 2010).  RNA-seq, one popular NGS application, provides 
an efficient and cost-effective way of obtaining transcriptome data.  There are a number 
of platforms available for generating NGS data (Harismendy et al., 2009; Metzker, 2010).  
Currently among the most popular are the Roche/454 FLX (http://www.roche.com) and 
the Illumina HiSeq 2000 (formerly Solexa; http://www.illumina.com) platforms.  The 
Roche/454 FLX system is advantageous when longer reads are important (average read 
length 700 bp), whereas the Illumina system provides deeper sequencing coverage at a 
reduced cost per base, albeit with shorter read length (average length 100 bp). 
For each platform various assemblers have emerged but during the past several 
years Roche 454 sequencing and the platform-specific assembler Newbler has been the 
most common approach for de novo assembly of transcriptome data (Weber et al., 2007; 
Novaes et al., 2008; Vega-Arreguín et al., 2009; Wall et al., 2009; Cantacessi et al., 
2010).  This may be attributed to the idea that longer reads are more likely to overcome 
the specific challenges of de novo transcriptome assembly.  Illumina sequencing has been 
used mainly when a related organism’s genome was available for reference-based 
assembly (Nagalakshmi et al., 2008; Rosenkranz et al., 2008), although due to recently 
increased read length it is becoming more common for use in de novo assembly as well 
(Birol et al., 2009; Wang et al., 2010).  Several recent studies have compared the 
performance of different sequencing platforms and assembly methods (Kumar and 
Blaxter, 2010; Feldmeyer et al., 2011; Bräutigam et al., 2011) but none of these 
comparisons evaluated the level of completeness or contiguity of their assemblies.  Nor 
 12 
was the performance of the assemblers evaluated without known genome information, 
which is the situation for any project on non-model organisms. 
Our comparisons of sequencing platforms and assemblers for the Geraniaceae 
clearly indicated that the Illumina platform with Trinity assembly delivered the best 
performance in assembling a more complete transcriptome in the absence of a reference 
genome.  The Illumina assemblers (Trinity, SOAPdenovo, SOAPtrans) generated more 
contigs containing a greater total number of bases than the Roche/454 FLX assemblers 
(Newbler, MIRA).  While the MIRA assembly generated many more long contigs (>6 
kb) than SOAPdenovo, the Trinity assembly out-performed all others in delivering long 
contigs, suggesting that the Trinity assembly contained more useful information than any 
of the other assemblies analyzed.  While the Roche/454 FLX assemblies and the Illumina 
SOAPdenovo assembly produced similar results with regard to completeness and 
contiguity, the Illumina Trinity and SOAPtrans assemblies obtained much higher values 
for both parameters indicating that these assemblies comprise many more nearly 
complete transcripts (Figures 2.2-2.3). 
Functional annotation of Geraniaceae transcriptomes 
A total of 58,461 (49%) and 42,506 (37%) contigs were annotated from G. 
maderense and P. x hortorum, respectively.  The low percentage of annotated contigs is 
most likely due to the large number of total contigs assembled.  The number of aligned 
and annotated contigs is comparable to nine other recently published transcriptomes 
(Angeloni et al., 2011; Garg et al., 2011; Kaur et al., 2011; Logacheva et al., 2011; 
Natarajan and Parani, 2011; Shi et al., 2011; Wenping et al., 2011; Ward et al., 2012).  
The number of annotated contigs in assemblies from both Geraniaceae species was very 
similar for the three major categories cellular component, molecular function, and 
biological process (Figure 2.9).  This is encouraging since different tissues were sampled 
for the two species; only one tissue, emergent leaves for Geranium and four tissues, 
emergent leaves, expanded leaves, roots and flowers for Pelargonium.  Particularly 
noteworthy is the detection of genes associated with flower and embryo development and 
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pollen-pistil interaction since flowers were not sampled for Geranium.  Overall, this 
comparison indicates that there is no marked improvement in transcriptome breadth of 
coverage when sampling four tissues compared to only emergent leaves. 
PPR proteins and sigma factors in Geraniaceae 
PPRs are a large family of RNA binding proteins encoded by over 450 genes in 
sequenced angiosperms. Most are organelle targeted and involved in regulating organelle 
gene expression (Schmitz-Linneweber and Small, 2008). Of the two classes (P and PLS) 
within the PPR family, those from PLS class (E and DYW subclasses) have been 
reported to be involved in RNA editing (Kotera et al., 2005; Okuda et al., 2007; 
Chateigner-Boutin et al., 2008; Cai et al., 2009, 66; Hammani et al., 2009; Robbins et al., 
2009; Yu et al., 2009, 2; Zhou et al., 2009; Okuda et al., 2009; Tseng et al., 2010).  
Previous studies have demonstrated correlated evolution of PLS genes and RNA editing 
sites in plants (Fujii and Small, 2011; Hayes et al., 2012).  Consistent with these results, a 
reduction in PLS genes (Table 2.5) in Geraniaceae was detected, where reduced editing 
frequency was previously demonstrated (Parkinson et al., 2005).  The reduced editing 
frequency and reduced PPR content in Geraniaceae is especially intriguing with respect 
to the increased mitochondrial substitution rate in this family.  Although an inverse 
correlation between editing frequency and substitution rate has been noted previously in 
Geraniaceae and other taxa (Parkinson et al., 2005; Lynch et al., 2006; Cuenca et al., 
2010; Sloan et al., 2010), the finding that PPR gene content is also reduced in 
Geraniaceae indicates that this family is ideally suited for future studies assessing the 
evolutionary dynamics of editing frequency, PPR content, and mitochondrial substitution 
rates. 
One long-standing question regarding the plastid genomes in Geraniaceae is the 
putative loss of the rpoA gene from P. x hortorum (Palmer et al., 1990a, 1990b; Downie 
et al., 1994).  The complete plastid genome sequence of this species revealed several 
rpoA-like open reading frames (ORFs) that are highly divergent relative to rpoA genes in 
other angiosperms or even other Geraniaceae (Chumley et al., 2006; Guisinger et al., 
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2011).  Two alternative explanations were suggested for these observations: (1) a copy of 
the gene in the nucleus had gained functionality; or (2) at least one of the highly 
divergent rpoA-like ORFs remains functional.  Extensive evolutionary rate comparisons 
of plastid genes across the Geraniaceae revealed that the other three PEP subunits (rpoB, 
rpoC1, rpoC2) have significantly elevated nucleotide substitution rates and have likely 
experienced positive selection (Guisinger et al., 2008; Weng et al., 2012).  Despite 
exhaustive searching of the nuclear transcriptome of P. x hortorum no copy of the rpoA 
gene was detected.  However, intact copies of all six sigma factors, which are required for 
PEP to function (Lysenko, 2007), were identified in the transcriptome.  The holoparasite 
Phelipanche aegyptiaca lacks a functional PEP and mining unigene files published in a 
recent transciptomic study of parasitic plants (Wickett et al., 2011) failed to uncover a 
single sigma factor suggesting that in species where PEP sequences are lost from the 
plastid the requisite sigma factors are also absent from the nuclear transcriptome.  The 
identification of all six sigma factors in the P. x hortorum transcriptome supports the 
likelihood that PEP is active in P. x hortorum plastids. 
CONCLUSIONS 
With the widespread application of NGS techniques, the ability to process and 
analyze massive quantities of sequence data in a timely manner becomes imperative to a 
successful project.  Regardless of the goals of a particular project, it is desirable to obtain 
data that are as accurate and complete as possible in a way that is cost effective as well as 
timely.  In this study a cross-platform comparison of de novo transcriptome assembly was 
conducted using representative species from the two largest genera of Geraniaceae, G. 
maderense and P. x hortorum.  As no reference genome is available for Geraniaceae, or 
any of its close relatives, this approach represents a truly de novo assembly allowing 
evaluation of efficacy among the platforms/assemblers that more closely resembles 
current NGS research.  The assembly of Illumina HiSeq 2000 reads with Trinity or 
SOAPtrans was highly effective in reconstructing, as completely as currently feasible, the 
protein-coding transcripts of Geraniaceae.  As for the differences between the two 
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assemblers, Trinity generated slightly more single contiguous contigs and reconstructed 
more reference genes with a combination of multiple contigs, while SOAPtrans ran much 
faster than Trinity.  These differences in contiguity and completeness became more 
obvious with the reduced set of input data (1/40th in this case).  These findings 
recommend the Illumina platform with Trinity assembly to obtain the most complete 
gene coverage by a single contig, especially when a small amount of reads are available.  
In instances where a large amount of data is available and there are limited computational 
resources, Illumina SOAPtrans assembly may be preferred as it generated a relatively 
complete assembly much more quickly than Trinity.  Furthermore, evaluation of the 
amount of Illumina sequence data required for generating a complete transcriptome is 
approximately 60 million reads. 
Geraniaceae organelle genomes have been shown to exhibit a number of unusual 
features relative to other angiosperms, including highly accelerated rates of nucleotide 
substitutions in both mitochondrial and plastid genes (Parkinson et al., 2005; Guisinger et 
al., 2008; Weng et al., 2012), reduced RNA editing in mitochondrial genomes (Parkinson 
et al., 2005) and highly rearranged plastid genomes (Palmer et al., 1987; Chumley et al., 
2006; Chris Blazier et al., 2011; Guisinger et al., 2011).  This comparative transcriptome 
analysis of G. maderense and P. x hortorum detected a reduction in PPR proteins 
associated with RNA editing, which corresponds with reduced RNA editing in the 
mitochondria.  Examination of nuclear encoded, plastid targeted sigma factors required 
for PEP function supports the hypothesis that PEP is active in P. x hortorum plastids, 
possibly incorporating the product of at least one of the highly divergent rpoA-like ORFs 
in the plastid genome. 
MATERIALS AND METHODS 
RNA isolation 
Plant tissues were collected from live plants grown in the University of Texas 
(UT) greenhouse and frozen in liquid nitrogen for two species from different genera of 
Geraniaceae, Geranium maderense and Pelargonium x hortorum cv ringo white.  For 
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Pelargonium leaf and inflorescence samples were collected.  Leaves were of two 
developmental stages, newly emerged and fully expanded.  Entire inflorescences were 
harvested prior to anthesis.  Root samples of P. x hortorum were harvested from 
specimens grown aseptically in agar media.  For Geranium, only emergent leaves were 
collected.  Total RNA was isolated separately from each sample type by grinding in 
liquid nitrogen followed by 30 min incubation at 65 oC in two volumes of extraction 
buffer (2% Cetyltrimethylammonium bromide, 3% Polyvinylpyrrolidone-40, 3% 2-
Mercaptoethanol, 25 mM Ethylenediaminetetraacetic acid, 100 mM 
Tris(hydroxymethyl)aminomethane-HCl pH 8, 2 M NaCl, 2.5 mM spermidine 
trihydrochloride) with vortexing at 5 min intervals.  Phase separation with 
chloroform:isolamyl alcohol (24:1) was performed twice and the aqueous phase was 
adjusted to 2M LiCl.  Samples were precipitated overnight at 4 oC and total RNA was 
pelleted by centrifugation at 17, 000 x g for 20 min at 4 oC. RNA pellets were washed 
once with 70% ethanol and air dried at room temperature.  Following resuspension in 
RNase free water, RNAs were analyzed by denaturing gel electrophoresis and by 
spectrophotometry.  For Pelargonium, the four tissue types were pooled in equimolar 
ratio.  All RNAs were treated with DNase I (Fermentas, Glen Burnie MD, USA) 
according to the product protocol.  DNase I was removed from the solution by extraction 
with phenol:chloroform:isoamyl alcohol (25:24:1) and the aqueous phase was adjusted to 
0.3 M sodium acetate.  RNA was precipitated with 2.5 volumes of cold absolute ethanol 
for 20 min at -80 oC.  Pellets were washed with 70% ethanol, air-dried and resuspended 
in water to 1 µg µL-1.  Total RNA sample aliquots were frozen in liquid nitrogen and 
shipped on dry ice to the Beijing Genomics Institute (BGI) in Hong Kong or delivered to 
the Genome Sequencing Analysis Facility (GSAF) at UT.  Confirmation of sample 
quality and concentration was conducted at each facility using the Agilent 2100 
Bioanalyzer instrument (Agilent Technologies, Santa Clara CA, USA). 
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Illumina sequencing 
Sample preparation for Illumina sequencing was performed at BGI according to 
Illumina’s protocol (Part # 1004898 Rev. D).  Total RNA was treated with the Ribo-
Zero™ rRNA Removal Kit (Epicentre Biotechnolgies, Madison WI, USA) prior to 
fragmentation and priming with random hexamers for first strand cDNA synthesis using 
SuperScript® III Reverse Transcriptase (Invitrogen, Beijing, China).  Second strand 
cDNA synthesis was carried out using RNase H (Invitrogen) and DNA polymerase I 
(New England BioLabs, Beijing, China).  The resulting cDNA fragments were purified 
with QIAQuick® PCR extraction kit (Qiagen, Shanghai, China) and normalized with 
Duplex!Specific thermostable nuclease (DSN) enzyme from Kamchatka crab (Evrogen, 
Moscow, Russia) according to the protocol outlined by Invitrogen (Part # 15014673 Rev. 
C).  End repair and adenylation of the normalized cDNA library was followed by ligation 
to the paired-end (PE) sequencing adapters.  Following gel electrophoresis for size 
selection (180-220 bp) the library was PCR amplified for sequencing using the Illumina 
HiSeq™ 2000. The PE library was sequenced for 101 bp. 
Roche/454 FLX sequencing 
The method for cDNA library construction and normalization was based on that 
of Meyer et al. (Meyer et al., 2009).  Briefly, total RNA was reverse-transcribed using 
oligo-dT coupled to a PCR-suppression primer.  The reverse complement of this primer 
was incorporated at the 3' end of the first-strand cDNA using the template switching 
capability of the SuperScript II Reverse Transcriptase (Invitrogen).  Duplex-specific 
nuclease was added to digest the abundant double-stranded cDNA.  After purification, 
PCR was performed, and the product was purified and sheared by nebulization.  The 
fragmented DNA was then end-repaired and ligated to Roche Rapid library adaptors 
using the NEBNext® Quick DNA Sample Prep Master Mix Set 2 and NEBNext® DNA 
Sample Prep Master Mix Set 2 (New England BioLabs).  Final library size and 
concentration were measured on the Agilent BioAnalyzer and by qPCR before 
sequencing on the Roche/454 FLX sequencer. 
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Read pre-processing 
Raw reads were preprocessed to eliminate contaminant and low quality 
sequences.  Filtering of Illumina HiSeq 2000 reads included the removal of low quality 
bases, reads where (poly) adenosine constitutes more than 6% of bases, and reads 
containing specialized features such as adaptors and other artifacts arising from library 
construction.  Roche/454 FLX reads were preprocessed by removing reads shorter than 
50 bp and reads with artificial sequences based on a vector reference file.  The complete 
data set is available at NCBI Sequence Read Archive (Accession numbers SRA059171 
for Geranium and SRA053016.1 for Pelargonium). 
Ribosomal RNA content and Illumina library complexity 
Ribosomal RNA (rRNA) contigs were identified using reciprocal blast of rRNA 
from Arabidopsis (5.8S, 18S and 25S in nucleus, 5S, 16S and 23S in chloroplast, and 5S, 
18S and 26S in mitochondria) as reference.  The rRNA sequences from Arabidopsis were 
downloaded from TAIR (Lamesch et al., 2012).  Ribosomal RNA reads were removed 
prior to the library complexity analysis.  Due to a lack of nuclear genome sequence, the 
remaining reads were mapped back to the whole transcriptome data using bowtie2 
(Langmead and Salzberg, 2012).  The mapping results were sorted using samtools (Li et 
al., 2009a) and then analyzed with MarkDuplicates module of Picard 
(http://picard.sourceforge.net/). 
Assembly 
Transcritpome assemblies were initially performed on Pelargonium using a 
variety of assemblers to compare the efficacy of different platforms and assemblers.  
After these initial comparisons, all subsequent assembles were performed on both 
Geranium and Pelargonium using Trinity and Illumina data.  For assembly of clean 
Illumina reads, Trinity (Grabherr et al., 2011), SOAPdenovo and SOAPtrans 
(http://soap.genomics.org.cn/SOAPdenovo-Trans.html) (Li et al., 2008, 2009b) were 
used.  Trinity, released on 2011-08-20 (http://sourceforge.net/projects/trinityrnaseq/), was 
run with parameters “--seqType fq --CPU 10 --paired_fragment_length 200 --
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run_butterfly” on a 24-core 3.33GHz linux work station with 1TB memory at the Texas 
Advanced Computing Center (TACC, http://www.tacc.utexas.edu/).  The assembly was 
split into three steps according to the provided script trinity.pl released with the software.  
The split scripts run the corresponding three steps in Trinity: inchworm, chrysalis, and 
butterfly.  The parameters were the same for each step, and each step picked up the 
previous step’s output as input and processed it.  The scripts will be provided by JZ upon 
request. The SOAPtrans assembly was run with the parameters “kmer=61, 
max_rd_length=100, avg_ins=200” on the same server as that of Trinity.  For SOAPtrans 
kmer lengths from 23bp to 81bp were explored; 61bp was selected because it generated 
the best contiguity compared with other kmer values.  The SOAPdenovo assembly was 
done at BGI on a 48-core 2.67GHz Linux workstation with 50GB memory with 
parameters “Kmer=41, insert size=200, overlap threshold=50” for assembly, and 
“Kmer+1” to fill the gaps.  The generated fasta file was postprocessed by BGI to remove 
the sequences shorter than 150 bp.  Assembly of Roche/454 FLX utilized MIRA 
(Chevreux et al., 2004) and Newbler (Margulies et al., 2005). MIRA 3.4.0 for a 64-bit 
linux system (http://sourceforge.net/projects/mira-assembler/files/MIRA/stable/) was 
released on 2011-08-21.  MIRA was run with parameters “--job=denovo, est, accurate, 
454 --fasta 454_SETTINGS” on a 12-core 3.33GHz linux work station with 24GB 
memory at TACC.  Newbler 2.6 accompanies the Roche/454 FLX platform and assembly 
was conducted at UT GSAF on 24-core 2.40GHz linux work station with 64GB memory 
using the parameters “runAssembly -cpu 8 -urt -cdna –vt vector.fa”. 
Comparative analysis of assemblies 
Trinity, SOAPdenovo and SOAPtrans assembly output comprised a single contig 
file each and these were used in the analyses.  Unpadded fasta files were selected from 
the MIRA output and the isotig file was selected from the Newbler output for use in 
analyses. 
The initial assembly quality was evaluated using the following metrics: number of 
assembled contigs, maximum, minimum and mean contig length, N50 and redundancy. 
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Initial assembly statistics and contig length distribution analysis was done by custom perl 
scripts and MATLAB version R2011b.  Contig clustering and removal of redundant 
contig sequences was performed using CD-HIT (Li and Godzik, 2006).  CD-HIT version 
4.5.4 (downloaded from http://code.google.com/p/cdhit/downloads/list) was executed 
using parameters “cd-hit -c 1.0 -n 5 -T 12” for cDNA sequences and “cd-hit-est -c 1.0 -n 
10 -T 12” for protein sequences.  Redundancy was calculated from the difference 
between the number of contigs before and after clustering.  Maximum, minimum, and 
mean contig length, N50 and total bases were calculated from the contigs after clustering 
and removal of those contigs < 200 bp. 
The assemblies were aligned to two published reference databases: 357 ultra-
conserved ortholog (UCO) coding sequence (Kozik et al., 2008) from Arabidopsis 
(sequences available at: http://compgenomics.ucdavis.edu/compositae_reference.php), 
and a list of 959 single copy nuclear genes shared between Arabidopsis, Oryza, Populus, 
and Vitis  (Duarte et al., 2010) using BLASTX with evalue of 1 E-10.  Contig alignment 
to the reference databases utilized the standalone BLAST+ (Camacho et al., 2009) 
program for 64-bit linux system 
(ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/).  The parameters for 
BLAST+ DNA alignment were “blastn -task blastn -evalue 1 E-10 -word_size 11 -outfmt 
6 -num_threads 12”.  Parameters for protein alignment were “blastp -task blastp -
num_threads 12 -outfmt 6”. For blastp, two different e values were used, 1 E-10 and 1 E-
20, in order to address the generality of the results.  Multiple sequence alignment was 
done by muscle (Edgar, 2004). Muscle for 64-bit linux system 
(http://www.drive5.com/muscle/downloads.htm) was used with default parameters. 
The local reference database for identifying the open reading frames contained 
four proteomes downloaded from Phytozyme (http://www.phytozome.net/search.php): 
Citrus clementina, C. sinensis, Eucalyptus grandis and Arabidopsis thaliana.  Contigs 
were translated by alignment to the local database using blastx to identify open reading 
frames.  The blastx parameter was “blastx -evalue 1e-6 -max_target_seqs 1 -num_threads 
48 –outfmt’6 std qframe”.  The reading frame parameter was added to the output in order 
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to facilitate the following analysis.  The aligned regions of contigs were translated, 
extracted, and then extended by translating the contigs in both directions according to 
standard codon usage until a stop codon was encountered.  The translated contigs were 
clustered again using CD-HIT at a threshold of 100% and all other parameters used the 
default settings.  Two parameters, contiguity and completeness as described by Martin 
and Wang (Martin and Wang, 2011) were used to evaluate the alignment results.  Briefly, 
contiguity is defined as the percentage of the reference transcripts covered at some 
arbitrary coverage threshold by a single longest contig.  Completeness is defined as the 
percentage of the reference transcripts covered at a threshold by multiple assembled 
contigs (Box 1 in Martin and Wang, 2011).  In this study a range of thresholds up to 
100% was evaluated, and 80% was selected as the threshold for both contiguity and 
completeness calculations.  Both parameters were calculated with protein sequence 
alignment, and the alignment results were analyzed using custom perl scripts available 
from JZ upon request. 
Evaluation of assemblies with different proportion of reads 
To assess how much data (number of reads) is needed to construct the complete 
transcriptome, different proportions of sequencing data ranging from 5% to 100% were 
extracted for both species.  The extracted reads were assembled with Trinity using the 
parameters described above.  Extraction and assembly were repeated three times for each 
proportion except 100%, and the assembly statistics (contig number, contiguity and etc.) 
were averaged. 
Basic statistics and assembly parameters such as contiguity and completeness 
were calculated using the same local database described above.  To determine how well 
the assemblies cover a complete transcriptome, the custom Arabidopsis protein database 
was constructed by extracting all Arabidopsis proteins from Uniprot/Swissprot database 
(Boeckmann et al., 2003), and protein sequences with name “hypothetical” or “predicted” 
were discarded.  The assemblies were aligned with the database using BLASTX with an 
E-value of 1 E-10. 
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Orthologous genes identification 
Orthologous genes between transcriptomes of G. maderense, P. x hortorum and 
A. thaliana were identified with reciprocal blast with parameters “blastp -task blastp -
num_threads 12 -max_target_seqs 1 -evalue 1e-10 -outfmt='6 std qlen slen”.  Blast 
results were analyzed with custom perl scripts. 
Functional annotation 
The assemblies were aligned with the NCBI nr database using BLASTX with an 
E-value of 1 E-6 and taking the best 10 hits for annotation.  The blast results were used to 
annotate each sequence with gene ontology (GO) terms using Blast2GO (Conesa et al., 
2005; Conesa and Götz, 2008; Gotz et al., 2008).  To improve the efficiency of 
annotation, local blast2go database was downloaded 
(http://www.blast2go.com/b2glaunch/resources/35-localb2gdb).  GO terms were mapped 
to the reduced GO-slim (plant) ontology to get a broader functional representation of the 
transcriptome. 
Identification of selected organelle targeted genes 
PPR proteins were searched for using HMMER (Eddy, 1998; Lurin et al., 2004) 
with previously established PPR motif alignment files (Small and Peeters, 2000).  
Transcript sequences with more than one PPR motif were considered PPR genes.  Sigma 
factor protein sequences from Arabidopsis were downloaded from TAIR (Lamesch et al., 
2012) and used as reference.  Sigma factor structure and conserved domain information 
were obtained from previous studies (Helmann and Chamberlin, 1988; Isono et al., 1997; 
Hakimi et al., 2000).  Putative transit peptides were predicted with targetP (Nielsen et al., 
1997; Emanuelsson et al., 2000).  Orthologs from two transcriptomes of G. maderense 
and P. x hortorum were identified by reciprocal blast at E-value 1 E-10. 
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Table 2.1. The Pelargonium x hortorum transcriptome dataset read statistics.  
Technology Number of 
trimmed 
reads 
Number of 
trimmed bases 
Max 
read 
length 
Min read 
length 
454 472,268 119,394,317 828 50 
Illumina 46,475,742 4,674,574,200 100 100 
 
  
 24 
Table 2.2.  Basic assembly statistics for the Pelargonium x hortorum transcriptome.   
 Newbler MIRA SOAPdenovo Trinity SOAPtrans 
Number of 
nonredundant contigs 
28,182 30,947 67,028 67,614 62,470 
Total bases 12,972,883 15,326,277 39,088,184 58,210,111 33,057,051 
Max contig length 8,147 12,431 6,616 16,017 7,574 
Mean contig length 460 495 583 860 529 
N50 478 525 782 1,319 678 
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Table 2.3. Translated contig statistics for Pelargonium x hortorum.  
 Newbler MIRA SOAPdenovo Trinity SOAPtrans 
Number of translated contigs 18,525 19,279 42,907 39,742 44,379 
Total amino acids (AA) 2,413,770 2,575,430 8,363,275 11,058,408 7,697,127 
Max translated AA length 902 1,086 1,902 2,618 2,520 
Mean translated AA length 130 133 195 278 173 
N50 145 145 278 387 230 
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Table 2.4. Statistics of transcriptome annotations for Geranium maderense (GMR) and 
Pelargonium x hortorum (PHR).  
 GMR PHR 
Total contigs 119,217 114,762 
Aligned contigs 76,332 56,283 
Annotated contigs 58,461 42,506 
Assigned GO terms 311,108 222,765 
Assigned EC 25,533 19,354 
Contigs with EC 20,337 15,252 
GO = Gene Ontology; EC = Enzyme Code 
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Table 2.5. PPR proteina and sigma factorb distribution.   
 Arabidopsis 
thaliana 
Geranium 
maderense 
Pelargonium x 
hortorum 
PPR proteins 429 523 315 
P class 238 387 262 
PLS-E class  105 96 22 
PLS-DYW class 86 40 31 
Sigma factors 6 10 6 
Sig 1 1 1 1 
Sig 2 1 4 1 
Sig 3 1 1 1 
Sig 4 1 1 1 
Sig 5 1 3 1 
Sig 6 1 1 1 
aPPR protein data of Arabidopsis are from Small and Peeters (Small and Peeters, 2000).  
The PPR class represents the number contigs longer than 150 aa, which is the minimum 
length of PPR proteins identified in Arabidopsis.  bThe number of total contigs and the 
number intact contigs aligned to the reference sigma factors are shown.  Intact contigs are 
those with start/stop codons on 5’ and 3’ ends, and without any internal stop codons. 
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Table 2.6. Sequence identities between intact contigs in Geraniaceae and Arabidopsis 
thaliana sigma factors.  
Arabidopsis thaliana 
Sequence identity (%)a 
Geranium maderense 
nucleotide amino acid           
  
Pelargonium x hortorum 
nucleotide        amino acid
  
Sig 1 64.5 52.4 61.1 50.4 
Sig 2 62.6 48.9 62.5 47.1 
Sig 3 57.7 39.9 58.6 43.3 
Sig 4 58.6 42.6 58.3 43.5 
Sig 5 64.3 54.1 65.8 55.0 
Sig 6 58.6 41.1 59.6 42.4 
aIn cases where there is more than one intact contig for a sigma factor, the one with 
highest sequence identity to Arabidopsis was selected for comparison. 
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Figure 2.1.  Contig length distribution.  
The vertical dashed line shows (A) the arbitrary cutoff of 200 base pairs (bp) or  
(B) 50 amino acids (aa).  
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Figure 2.2. Contigstaitistics of different assemblers at different thresholds. 
Contiguity (A) and completeness (B) of different assemblers at different 
thresholds.  The assemblies were aligned with two published reference data bases: 357 
ultra-conserved ortholog (UCO) coding sequence (Kozik et al., 2008) and 959 single 
copy nuclear genes (Duarte et al., 2010). 
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Figure 2.3. Completeness and contiguity results at threshold 80% using two published 
reference protein sets. 
Data sets: 357 ultra-conserved ortholog (UCO) coding sequence (Kozik et al., 
2008) and 959 single copy nuclear genes (Duarte et al., 2010).  Cont = contiguity, comp 
= completeness, % hits = percentage of hits in reference transcriptome. 
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Figure 2.4. Comparisons of Geranium maderense and Pelargonium x hortorum for four 
assembly parameters using different percentages of sequencing reads. 
(A) number of contigs, (B) contiguity, (C) completeness, and (D) percentage of 
hits.  For completeness and contiguity two published reference protein sets were used 
(357 ultra-conserved ortholog (UCO) coding sequence (Kozik et al., 2008) and 959 single 
copy nuclear genes (Duarte et al., 2010)).  Assemblies were aligned with the reference 
data sets using BLASTX with an E-value of 1 E-10. 
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Figure 2.5. Contiguity of Geranium maderense and Pelargonium x hortorum at different 
threshold values with differ percentages of reads using all Arabidopsis 
proteins from Uniprot/Swissprot database (Boeckmann et al., 2003). 
Assemblies were aligned with the database using BLASTX with an evalue of 1 E-
10. 
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Figure 2.6. Gene ontology assignments for Geranium maderense (GMR) and 
Pelargonium x hortorum. 
The proportion of annotated contigs in all categories with >1% representation 
within the ontology (GO) categories for cellular component, molecular function, and 
biological process. 
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Chapter 3:  Coordinated rates of evolution between interacting plastid 
and nuclear genes in Geraniaceae 
INTRODUCTION 
Although coevolution of gene sequences is a widely recognized phenomenon in 
biological systems, it has rarely been studied between the plastid and nuclear genomes of 
plants within a well-established phylogenetic framework.  Coevolution may be detected 
within a single organism, such as gene pairs with known physical interactions in 
Escherichia coli (Pazos and Valencia, 2001), or between organisms, such as the 
correlated change of sequences between viral and host genes (Lobo et al., 2009).  The 
coevolution of genes from organellar and nuclear genomes may be considered an 
intermediate case, in which the genes of interest are within the same organism but are 
encoded in different cellular compartments.  Given that there is an order of magnitude 
higher mutation rate in nuclear genomes compared to plastid genomes in plants (Wolfe et 
al., 1987; Drouin et al., 2008), the detection of correlation in evolutionary rates, and how 
that correlation is maintained, presents an interesting area of study. 
As gene function is expressed in amino acid sequences, coevolution between two 
genes is usually reflected in the encoded polypeptides.  If mutual selective pressure exists 
between two genes, changes to the amino acid sequences encoded in one gene would be 
expected to cause corresponding changes in the other gene to maintain normal biological 
activity (Pazos and Valencia, 2008).  Similarly, coevolution between two genes can be 
evaluated based on the rate of nonsynonymous substitutions (dN), which are nucleotide 
mutations that cause a change in the amino acid sequences.  However, dN is also affected 
by local rate heterogeneity or local background mutation rates, represented by the rate of 
synonymous substitutions (dS), which do not result in amino acid changes.  The 
correlation of dS between two genes is more likely due to a shared mutation rate than an 
indicator of coevolution. 
Several factors can contribute to correlation of evolutionary rates (Lovell and 
Robertson, 2010), such as obligate physical interaction of gene products (Mintseris and 
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Weng, 2005), shared functional constraint (Zhang and Broughton, 2013) or gene 
expression levels (Subramanian and Kumar, 2004).  Because the evolutionary rate of the 
mammalian mitochondrial genome is much higher than that of the nuclear genome, 
studies of correlated evolution between organellar and nuclear genomes have focused on 
proteins of enzyme complexes with subunits encoded in each of these compartments.  
Using this approach, studies have shown that some nuclear genes that encode products 
that participate in mitochondrial-localized complexes have a corresponding higher 
evolutionary rate relative to cytosol targeted nuclear gene products (Willett and Burton, 
2004; Osada and Akashi, 2012; Barreto and Burton, 2013; Zhang and Broughton, 2013). 
The correlation of evolutionary rates between plastid and nuclear genomes has 
rarely been studied because plastid genome sequences are generally more highly 
conserved than those of the nuclear genome (Wolfe et al., 1987; Drouin et al., 2008), 
making it difficult to select appropriate taxa and genes for analyses of correlated rate 
acceleration.  Studies in Silene (Sloan et al., 2014) identified elevated protein sequence 
divergence in organelle-targeted, but not cytosolic, ribosomal proteins in pairwise 
comparisons of species with rapidly evolving mitochondrial and plastid DNA, suggesting 
that coevolution occurs between different compartments.  Like the Silene study, many 
investigations have adopted pairwise species comparisons, an approach that does not 
account for the effects of shared phylogeny on predictions of coevolution (Barreto and 
Burton, 2013). 
Methods that incorporate a phylogenetic framework have proven more accurate in 
detecting coevolution among interacting proteins than pairwise comparisons (Clark and 
Aquadro, 2010).  Various methods have been developed that incorporate the effects of 
phylogeny for detecting gene coevolution (Pazos and Valencia, 2008; de Juan et al., 
2013; Rao et al., 2014).  The mirror tree method (Pazos and Valencia, 2001) was 
originally introduced to predict protein-protein interactions, and it quantifies rate 
correlations by estimating the similarities of corresponding phylogenetic trees.  For each 
gene tree, the evolutionary rates on each branch are extracted to form a rate vector, and 
Pearson correlation coefficients are calculated between the rate vectors of two genes.  
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Despite its popularity, the original mirror tree method does not effectively account for 
underlying phylogenetic histories.  Different modifications of this method were 
developed to remove the effects of shared phylogeny by introducing a correction factor 
(Pazos et al., 2005; Sato et al., 2005).  A more recent likelihood based approach evaluates 
the coevolution between genes using normalized dN, or dN/dS (Clark and Aquadro, 
2010).  In this method, the likelihoods of three models (null, correlated, free) are 
calculated and the correlation is quantified as the proportional improvement of the 
likelihood of the correlated model to the null model, with respect to the maximal possible 
improvement gained by the free model over the null model. 
Studies of coevolution of amino acids adopt a different set of approaches, which 
assess coevolution between two sites by detecting similar amino acid frequencies or 
substitution patterns calculated from the multiple sequence alignment (Göbel et al., 1994; 
Neher, 1994; Taylor and Hatrick, 1994).  Dutheil and Galtier (2007) developed an 
approach (CoMap) that examines the coevolution of given amino acid sites using the 
known phylogenetic history.  In this method, the ancestral state of a given amino acid site 
is inferred from the phylogenetic history and the sequence of changes that occur across 
time (branches on a phylogenetic tree) form a substitution vector.  Structurally-mediated 
coevolution of any amino acid site is then evaluated using the substitution vector and a 
cluster-based approach (Dutheil and Galtier, 2007).  Another approach studies the 
coevolved amino acids by incorporating a continuous-time Markov process model 
(Yeang and Haussler, 2007).  Both of these approaches agree well with experimental 
results; however, the latter approach is computationally demanding and therefore more 
feasible for studies of small protein domains. 
In plants, the plastid-encoded RNA polymerase (PEP) is a multi-subunit enzyme 
complex (Shiina et al., 2005) containing subunits encoded by genes in both the plastid 
(RNAP: rpoA, rpoB, rpoC1 and rpoC2) and nuclear genomes (SIG: sigma factor 1-6).  
Studies in Geraniaceae have revealed highly elevated evolutionary rates in the plastid 
genome, especially in rpoB, rpoC1 and rpoC2 (Guisinger et al., 2008; Weng et al., 2012), 
and highly divergent rpoA sequences in the genus Pelargonium (Chumley, 2006).  The 
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interaction of SIG and RNAP gene products provides an attractive platform for the study 
of coevolution between the two genomes.  Using transcriptomic and genomic data from 
27 species with a well-established phylogenetic framework, the entire sigma factor gene 
family in Geraniaceae has been characterized and a systematic correlation analysis of 
evolutionary rates between plastid and nuclear genomes was conducted.  Despite an order 
of magnitude difference in the mutation rate between these two genomes (Wolfe et al., 
1987; Drouin et al., 2008), we detected a correlation of evolutionary rates among 27 
species representing the entire family.  Furthermore, analyses of interacting amino acid 
pairs suggest that structurally-mediated coevolution plays a minimal role in maintaining 
the coordination of evolutionary rates.  The identification of rate correlations between 
RNAP and SIG genes suggests a plausible explanation for the observed plastome-genome 
incompatibility within Pelargonium and possibly other genera of flowering plants. 
 
RESULTS 
Transcriptome sequencing and assembly for 27 species was performed following 
Zhang et al. (2013).  Sigma factor genes were extracted and accession numbers are 
provided in Appendix Table 3.1.  An amino acid maximum likelihood (ML) tree was 
generated to infer phylogenetic relationships among the 178 complete sigma factor (SIG) 
sequences identified from the 27 species in Geraniales and Arabidopsis thaliana (Figure 
3.1, see Supplemental Data File 3.1 for alignments).  The ML tree (-lnL = -65001.9) 
topology parsed the 178 sequences into six major clades.  Two additional alignment 
algorithms (see Methods) were utilized and resulted in the same six major groups of 
sigma factor genes (Appendix Figure 3.1, see Supplemental Data File 3.1 for alignments). 
The copy number of individual SIG genes varied across different species 
(Appendix Figure 3.2, see Supplemental Data File 3.1 for alignments).  A single copy of 
sig1 and sig2 was found in all species except for Pelargonium transvaalense, P. 
tetragonum and Geranium maderense, where two copies of sig2 were identified.  A 
complete sig3 sequence was identified in all species except for P. tetragonum, P. 
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myrrhifolium and P. nanum.  The sig4 sequence was detected in all Pelargonium and 
Geranium species, and, while a sig4 pseudogene missing the start codon was detected in 
Melianthus villosus, sig4 was not found in Francoa sonchifolia, Erodium chrysanthum 
and E. gruinum.  Two copies of sig5 and sig6 were identified in various species 
(Appendix Figures 3.2E and F).  Multiple copies of sig5 were identified in species of 
Geranium and Erodium and in California macrophylla while two copies of sig6 were 
found in C. macrophylla and species of Erodium and Pelargonium.  The sig6 gene of 
Hypseocharis bilobata contained multiple internal stop codons.  RT-PCR confirmed 18 
out of 21 bioinformatically identified gene duplication and pseudogenization events 
(Appendix Table 3.1).  Among the SIG gene families, 21 gene duplications and 10 losses 
were inferred with Notung (Durand et al., 2006) (Appendix Figure 3.3, Appendix Table 
3.2, see Supplemental Data File 3.1 for alignments) on the branches leading to the 27 
species of Geraniaceae. 
Evolutionary rates of each gene were estimated based on alignments from 
MAFFT (Katoh and Standley, 2013).  To avoid biases of rates estimation specific to an 
alignment algorithm, rates based on alignments from two other tools, MUSCLE and 
ClustalW (Edgar, 2004; Larkin et al., 2007), were compared to MAFFT (see 
Supplemental Data File 3.1 for alignments).  The agreement between rate estimates from 
the three alignment methods indicated that there was no or negligible bias due to the 
alignment method (Appendix Table 3.3).  Thus MAFFT was used for all subsequent 
analyses. 
Clade-specific rate acceleration was assessed for the four plastid RNA polymerase 
(RNAP) subunits, six nuclear encoded SIG genes and 20 control genes (Figure 3.2, 
Appendix Figures 3.4 and 3.5).  Ten control genes from nuclear and plastid genomes 
were selected for all coevolution analyses, and two additional sets of ten nuclear control 
genes were randomly selected from the APVO database (see Methods) for the mirror tree 
analysis to reduce any bias of nuclear control gene sampling (see Supplemental Data File 
3.2 for detailed control gene information). 
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Although dN for the Pelargonium C clade was accelerated in all four RNAP 
genes and two SIG genes (rpoA, rpoB, rpoC1, rpoC2, sig1, sig2) in an initial ranksum 
test, acceleration of rates of rpoA/B/C1 only remain significant after correction for multi-
hypothesis testing (Figure 3.2), while two control genes have significant acceleration of 
rates in the Geranium and Erodium clades.  Significant acceleration of dS in the 
Pelargonium C clade was observed for the rpoA gene alone (Appendix Figure 3.4).  
Elevated dS in sig6 and five nuclear control genes was observed in Geranium, with no 
acceleration detected within other clades (Appendix Figure 3.4, see Supplemental Data 
File 3.1 for alignments). 
The values of dN and dS for each gene from all branches were used to analyze the 
rate correlation between gene pairs from RNAP, SIG and control genes.  The highest 
average values for dN were found in SIG genes followed by RNAP genes (Figure 3.3A, 
Appendix Figure 3.5).  Four plastid genes (cemA, matK, rpl14, rps2) and one nuclear 
gene (rh22) had similar average dN values to the RNAP genes, and the other nuclear 
genes had slightly lower values.  The lowest average dN values were found in the 
remaining plastid genes, which represent ATP synthase and photosynthetic genes.  The 
dS values were similar among genes from the same cellular compartment (Figure 3.3B).  
The average dS values of nuclear genes were much higher than those of plastid genes 
except for rpoA, which had the highest dS value among plastid genes. 
Correlation of dN and dS was evaluated for each gene pair by three variations of 
the mirror tree method, each of which adopts a different approach for removing the effect 
of shared phylogeny prior to tree similarity estimation (Pazos et al., 1997; Pazos and 
Valencia, 2001; Pazos et al., 2005): average by all, average by separation and PCA (see 
Methods for detailed description).  The sequences of sig1, sig2 and sig5 were grouped 
together for rate correlation analysis using complete sequences (Figure 3.4) or conserved 
domains (Appendix Figure 3.6).  Due to their absence in different species, the genes sig3, 
sig4 and sig6 were analyzed separately using complete sequences (Appendix Figure 3.7) 
or conserved domains (Appendix Figure 3.8).  In addition to the initial 10 plastid and 
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nuclear control genes, two additional sets of nuclear control genes were added to the sig1, 
sig2 and sig5 analyses (Appendix Figures 3.9 and 3.10). 
A cutoff of 0.6 for the Pearson correlation coefficient was used as an indicator of 
strong rate correlation (Sato et al., 2005).  After removing the effects of shared phylogeny 
(see Methods), correlation of dN was detected between RNAP and sig1/2 genes (orange 
rectangle in Figures 3.4A and B), but not between RNAP/SIG and the control genes.  The 
mirror tree methods did not detect a dN correlation between RNAP and sig3, sig4 or sig6 
(Appendix Figure 3.7).  The correlation of dS was sensitive to the average method used in 
the analyses (Figures 3.4A and B).  Correlation of dS was identified between certain 
plastid or nuclear gene pairs but not between the two groups when the average by all 
method was employed (Figure 3.4A), and only one pair of nuclear genes had correlated 
dS when the average by separation method was used (Figure 3.4B).  Application of the 
PCA method produced correlations of dN and dS that were similar to those from the 
average by all method except that correlation of dN was detected between rpl14/rpoA and 
sig1 (Figure 3.4C).  None of the three methods identified correlation of dS between 
RNAP and SIG genes (Figures 3.4A-C), suggesting that the correlation of dN was not due 
to the effects of background mutation rates.  The number of gene pairs with positive rate 
correlations is shown in Table 3.1.  Similar rate correlations were detected with the 
additional nuclear control genes (Appendix Figures 3.9 and 3.10). 
The correlation of dN and dS between RNAP and SIG genes using conserved 
domains was similar to that seen using the entire sequences; however, more gene pairs of 
RNAP and SIG were identified as correlated for dN (Appendix Figures 3.6 and 3.8).  The 
number of rate correlations of all gene pairs is shown in Appendix Table 3.4. 
The rate correlation coefficient between each individual gene and the RNAP 
genes was compared (Table 3.2).  The dN correlation coefficients of RNAP and 
RNAP/sig1/sig2 genes were ranked significantly higher (p < 0.05 after correction for 
multi-hypothesis testing) than all other pairs by average by separation and PCA methods.  
Using the average by separation method, correlation coefficients of RNAP genes and sig6 
were also ranked significantly higher than other pairs.  No significantly higher rank was 
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detected between RNAP and the plastid or nuclear control genes by any method.  
Synonymous substitution rate correlation coefficient ranking produced no significant 
result for any of the gene groups.  The same tests were performed with rates calculated 
from the conserved domains of selected genes as described (Appendix Table 3.5).  
Similar to the results generated using the entire sequences, the dN correlation coefficients 
of RNAP and RNAP/sig1/sig2/sig6 were ranked significantly higher than any other pairs 
by average by separation and PCA methods.  The correlation coefficients of dN for 
RNAP and sig5 were ranked significantly higher using PCA method.  The rank of dS 
correlation coefficients was the same as that using the entire sequences with no 
significant highly ranked gene groups detected. 
Correlation of normalized dN (dN/dS ratio) was evaluated with the proportional 
improvement method (Clark and Aquadro, 2010).  Since the proportional improvement 
dN/dS test is more appropriate when dS is unsaturated (Clark and Aquadro, 2010), 
saturation was tested for each of the genes examined.  To examine saturation of 
synonymous sites, values of dN and dS were plotted and linear/quadratic models were 
used to fit the data.  If dS is saturated, the quadratic model with a concave curve should 
fit the data better.  The two models were compared with the improvement of sum of 
squares explained by these models (Weng et al., 2014; Fares and Wolfe, 2003).  Of the 30 
genes tested, only rbcL showed significant improvement (p < 0.05) of sum of squares 
(Appendix Table 3.6), however, rbcL is known to be a conservative gene with low dS 
values (dS < 0.15 for all branches) (Figure 3.3B). 
Strong correlation (proportional improvement > 0.6) of dN/dS was identified 
between rpoB/C1/C2 and sig1/5/6 genes, between rpoC1/C2 and sig2 genes, and between 
rpoB/C2 and sig3 genes (Figure 3.5).  Correlation of dN/dS was also identified among 
RNAP (between rpoB and rpoC1/C2; rpoC1 and rpoC2 ) and among SIG (between sig1 
and sig2/5/6; sig2 and sig5) genes (Figure 3.5).  A correlation of RNAP/SIG and control 
genes was lacking between most interaction pairs except for rpoB and three nuclear 
control genes (OXase, ppr and nprb7) and sig1/2 and nprb7 genes (Figure 3.5).  
Compared to the mirror tree methods, more interaction pairs (proportional improvement: 
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13, average by all: 2, average by separation: 4, PCA: 6) were identified with strong rate 
correlation between RNAP and SIG genes, while fewer or comparable interaction pairs 
(proportional improvement, 5; average by all, 20; average by separation, 5; PCA, 2) were 
identified between RNAP/SIG and control genes. 
To investigate the role of structurally-mediated coevolution in the correlation of 
evolutionary rates between RNAP and SIG genes, CoMap (Dutheil and Galtier, 2007) 
was used to predict coevolved amino acid pairs by comparing the substitution vectors, 
weighted by the different amino acid properties (volume, charge and polarity) at given 
positions (see Methods for more details).  Since the β’ subunit of the cyanobacterial 
ancestor was split in the lineage leading to plants (Shiina et al., 2005), the relevant 
residues from the β’ and β’’ subunits in plants were combined for comparison with the β’ 
subunit in E. coli.  The interaction sites between SIG and RNAP subunits were predicted 
by contact map analysis (Sobolev et al., 2005) and by estimation of the physical distance 
between two interacting residues.  More interaction sites were predicted by contact map 
analysis than by distance estimation (Appendix Table 3.7); however, few (0 to 20%) of 
the predicted coevolving amino acid sites overlapped with interaction sites (Appendix 
Table 3.7).  The analysis of distance distributions across the coevolved amino acid pairs 
suggested that among the 4223 residue pairs predicted to be involved in structurally-
mediated coevolution by CoMap, only one pair had a distance of less than 5 Å.  The 
analyses of structurally-mediated coevolution within amino acid pairs showed a minimal 
overlap between coevolved and interacting amino acid sites (Appendix Table 3.7), with 
few of the coevolved residues in close physical proximity (<5 Å, Appendix Figure 3.11). 
DISCUSSION 
Duplication and loss of sigma factor genes 
Twenty-one duplicated SIG genes were identified across the Geraniaceae 
(Appendix Figures 3.2 and 3.3, Appendix Table 3.2).  Duplications of SIG genes have 
been documented in several angiosperms, including Zea mays, Oryza sativa and Populus 
trichocarpa (Lerbs-Mache, 2011).  These duplicate copies may be functionally 
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diversified to regulate gene expression at different developmental stages or under 
changing environmental conditions as seen for the duplicated sig1 of Zea mays that is 
differentially expressed in etiolated leaves (Tan and Troxler, 1999; Lerbs-Mache, 2011).  
The pattern of SIG gene duplication in Geraniaceae could have arisen in several ways, 
including whole genome duplication followed by elimination of some copies.  Polyploidy 
is widespread across Geraniaceae (Widler-Kiefer and Yeo, 1987; Yu and Horn, 1988; 
Touloumenidou et al., 2007) and has likely contributed to duplication of SIG genes.  
However an alternative explanation, that multiple, small scale gene duplications have 
occurred (Davis and Petrov, 2004; Li et al., 2006) was supported by the pattern of SIG 
gene duplications observed in Geraniaceae (Appendix Figures 3.2 and 3.3). 
Multiple gene losses were detected in SIG gene family in Geraniales.  While it is 
possible that these genes are so lowly expressed as to fall below the level of detection, the 
high depth of coverage in transcriptome sequencing (Zhang et al., 2013) and the fact that 
the same genes were identified in transcriptomes of closely related species make this 
unlikely.  The Sig4 protein specifically recognizes the promoter of ndhF, which encodes 
a subunit of NADH dehydrogenase in the plastid (Endo et al., 1999; Favory et al., 2005).  
The lack of sig4 transcripts in Erodium chrysanthum and E. gruinum is plausible given 
the loss of ndh genes from the plastid genomes of these species (Blazier et al., 2011).  
The identification of a sig4 pseudogene in Melianthus also correlates with a recent loss of 
ndh genes in that species (Weng et al., 2014).  The loss of both sig4 and ndh genes 
provides an explicit example of coevolution between the plastid and nuclear genomes. 
 
Coevolution of plastid and nuclear genomes 
Genome coevolution is expected to produce correlated evolutionary rate changes 
between different genes.  Studies of coevolution usually focus on protein sequences from 
multi-subunit enzyme complexes.  Correlated change of evolutionary rates has been 
widely observed in various organisms (Lovell and Robertson, 2010; Pazos and Valencia, 
2008; Campo et al., 2008).  A previous study showed that nuclear genes encoding 
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subunits of enzyme complexes that assemble in the mitochondria with subunits encoded 
in the organelle have significantly higher evolutionary rates than genes whose products 
are targeted to the cytosol (Barreto and Burton, 2013).  Likewise, analyses of coevolution 
between organellar and nuclear genomes have mainly focused on genes from 
mitochondrial and nuclear genomes (Zhang and Broughton, 2013; Barreto and Burton, 
2013).  A recent study of Silene (Sloan et al., 2014) suggested that coevolution occurred 
between plastid and nuclear genomes based on the observation of elevated protein 
sequence divergence in organelle targeted, but not cytosolic, ribosomal proteins for 
species with fast evolving mitochondrial and plastid genomes.  The unusually high 
substitution rates of genes in the plastid genomes of Geraniaceae (Guisinger et al., 2008; 
Weng et al., 2012; Chumley, 2006) provide an attractive system for the study of 
coevolution.  Using both transcriptome and genome data and a well-characterized 
phylogenetic framework, this systematic analysis revealed the existence of correlation of 
evolutionary rates, evidence of coevolution between plastid and nuclear genomes at 
different levels (dN and dN/dS). 
Correlation of dN but not dS was detected in gene pairs between RNAP and SIG 
genes, suggesting that the correlation of dN was not due to shared background mutation 
rates.  The absence of correlation of dN between RNAP/SIG and control genes indicates 
that the rate correlation between RNAP and SIG genes is likely due to coevolution 
between plastid and nuclear genome or a local functional constraint acting on RNAP and 
SIG genes, rather than a global constraint on dN of all genes.  The case of dN correlation 
between rpoA and rpl14, detected exclusively by the PCA method, may be a result of 
factors other than direct physical interaction, such as a common functional role in gene 
expression in plastids (transcription for sig1 and translation for rpl14) (Chen and 
Dokholyan, 2006; Agrafioti et al., 2005). 
Because correlation coefficients of gene pairs with known interactions are 
significantly higher than unrelated sequences (Clark et al., 2012), correlation coefficients 
between each SIG gene and the four RNAP genes should be higher than those between 
any control genes and the four RNAP genes.  The significantly highly ranked correlation 
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coefficients of dN between RNAP and sig1/2 by any method supports the conclusion that 
there is a strong rate correlation between RNAP and sig1/2 genes (Table 3.2).  The 
significantly highly ranked rate correlation detected between RNAP and sig5/6 genes 
using conserved domain sequences in both average and PCA methods suggests that there 
might be correlation between RNAP and sig5/6 genes, but that it is weaker than those 
between RNAP and sig1/2 (Appendix Table 3.4). 
A correlation analysis of normalized dN (dN/dS ratio) was performed (Clark and 
Aquadro, 2010) and this approach identified additional strong rate correlations between 
RNAP (rpoB/C1/C2) and sig3/5/6.  The low number (5/400) of strong rate correlation 
pairs (Figure 3.5) between RNAP/SIG and control genes is the result of either weaker 
correlation or false discoveries. 
Across all methods, strong rate correlations (dN and/or dN/dS) are present for 
RNAP and all SIG except sig4.  Rate correlations among interacting genes are affected 
by several factors (Lovell and Robertson, 2010), such as physical interaction (Mintseris 
and Weng, 2005), functional constraint (Zhang and Broughton, 2013) or gene expression 
levels (Fraser et al., 2004).  The sig4 gene is involved in the transcription of ndhF 
(Favory et al., 2005).  Knockout studies of sig4 in Arabidopsis revealed no observable 
phenotypes (Lerbs-Mache, 2011) and the loss of it and the corresponding plastid encoded 
ndh genes (Blazier et al., 2011) in multiple species in Geraniaceae suggests that sig4 is 
dispensable.  Relaxed functional constraint may contribute to the absence of coevolution 
between RNAP and sig4 genes. 
Possible phenomena that could underlie the rate correlations between RNAP and 
SIG genes include: 1) a cause-and-effect relationship between rate variation of RNAP 
and SIG genes, or 2) a common factor affecting rates of both RNAP and SIG genes such 
as relaxed functional constraint acting on both gene sets (Subramanian and Kumar, 2004; 
Mintseris and Weng, 2005; Lovell and Robertson, 2010; Zhang and Broughton, 2013).  If 
the first explanation were correct, rate correlations between RNAP and SIG genes could 
be due to structurally-mediated compensatory evolution.  However results suggest that 
structurally-mediated coevolution plays a minor role in maintaining rate correlations 
 47 
between SIG and RNAP subunits and other factors contributing to compensatory 
evolution could not be excluded.  Shared functional constraint is another agent that may 
be maintaining the observed correlations.  Additional study is required to further 
elucidate the contribution of functional constraints, gene expression or other factors in the 
correlation of evolutionary rates of PEP subunits in Geraniaceae. 
Plastome-genome incompatibility, or PGI, which was first documented in 
Pelargonium species (Smith, 1915), is observed across flowering plants (Schmitz-
Linneweber et al., 2005; Greiner et al., 2008; Weihe et al., 2009; Greiner et al., 2011).  
Various mechanisms have been proposed for PGI including impaired interactions 
between cis elements and their cognate nuclear factors involved in transcription and/or 
transcript stability.  In Oenothera, perturbations of photosystem II activity, presumed to 
be caused by changes in transcription of the psbB gene, contributes to PGI (Greiner et al., 
2008).  Likewise, steady state RNA levels of three PEP-controlled genes were severely 
reduced in leaf sections taken from variegated, interspecific hybrids of Zantedeschia 
(Yao and Cohen, 2000).  The two nuclear genes included in the Zantedeschia study also 
evidenced low levels of mRNA; expression of cab and rbsS is known to be regulated by 
retrograde plastid to nuclear signals and would therefore be susceptible to the PGI 
phenotype (Ruckle et al., 2007).  Correlation of accelerated nucleotide substitution rates 
between SIG and RNAP genes provides a plausible explanation for PGI in Geraniaceae 
(Weihe et al., 2009; Greiner et al., 2011).  Specifically, the high evolutionary rates and 
rate correlation between SIG and RNAP genes within species could lead to interspecific 
incompatibilities, and such incompatibilities would reduce efficiency or even cause 
dysfunction of the PEP holoenzyme, impairing the transcription of essential plastid 
genes.  The role of sigma factors in transcription initiation through cis element binding 
and polymerase recruitment suggests similarity between the Geraniaceae, Zantedeschia 
and Oenothera PGI systems. 
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METHODS  
RNA isolation, transcriptome sequencing and assembly 
Total RNA was isolated from newly emerged leaves of 27 species in Geraniales 
(Appendix Figure 3.5), and four tissues (emergent and expanded leaves, roots and 
flowers) of Pelargonium x hortorum following the protocols described in Zhang et al. 
(2013).  Transcriptome sequencing was performed on the HiSeq 2000 platform and the 
sequence data were preprocessed and assembled as described in Zhang et al. (2013). 
Identification of sigma factors 
Sigma factor (SIG) sequences were extracted from transcriptome assemblies with 
reciprocal BLAST as described in Zhang et al. (2013).  The orthologous genes of each 
class of SIG were determined by reciprocal BLAST and single gene phylogeny.  RT-PCR 
was performed to verify the problematic SIG gene sequences with internal stop codons or 
missing 5’ or 3’ ends.  For any species in which multiple gene sequences were identified 
as the same class of sigma factor, RT-PCR was performed to verify the existence of all 
the gene sequences (for primers see Appendix Table 3.8).  All RT-PCR products were 
subjected to Sanger sequencing to confirm the result. 
Phylogenetic analysis  
Multiple sequence alignments were done using MAFFT (Katoh and Standley, 
2013), MUSCLE (Edgar, 2004) and ClustalW (Larkin et al., 2007) with default 
parameters in Geneious 6.0 (Biomatters, http://www.geneious.com/) (see Supplemental 
Data File 3.1 for alignments).  Amino acid-based ML trees for all SIG genes were 
constructed by RAxML (Stamatakis, 2006) with parameters “raxmlHPC-PTHREADS-
SSE3 -f a -x 12345 -p 12345 -T 12 -m PROTGAMMAJTT -N 100”.  A Perl script 
(http://sco.h-its.org/exelixis/web/software/raxml/hands_on.html) was used to examine all 
protein models and the model with the best likelihood score (JTT) was selected.  ML 
trees of each class of SIG genes were constructed by RAxML (Stamatakis, 2006) with 
parameters “raxmlHPC-PTHREADS-SSE3 -f a -x 12345 -p 12345 -T 12 -m 
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GTRGAMMAI -N 100”.  Bootstrap values were generated using RAxML with 100 
replicates and the above settings. 
Evolutionary rate estimation 
PAML’s codeml (Yang, 2007) was used to estimate dN, dS and dN/dS using the 
codon frequencies model F3X4.  Gapped regions were excluded with parameter 
“cleandata = 1”.  The constraint tree was generated by RAxML using 12 plastid genes 
(atpA, atpB, atpI, ccsA, cemA, matK, petA, rbcL, rpoB, rpoC1, rpoC2, rps2) with a total 
length of 21,500 bp.  Bootstrap values were generated using RAxML with 100 replicates 
and the above settings.  Ten plastid genes (rbcL, cemA, atpA, atpB, matK, petB, psaA, 
psbC, rpl14, rps2) from different functional groups and thirty nuclear genes with three 
different subcellular targeting sites (plastid, mitochondria and other), which are 
orthologous to genes in the APVO database (Duarte et al., 2010), were used as negative 
control groups.  The APVO database was separated into three groups based on their 
subcellular locations (plastid, mitochondria and other), and an approximately equal 
number of genes were selected randomly from each group.  The plastid genes were 
extracted from the annotated plastid genome assemblies as described in Weng et al. 
(2014).  Thirty Arabidopsis nuclear genes were downloaded from TAIR (Lamesch et al., 
2012) and the corresponding accession numbers are in Supplemental Data File 3.2. 
Analysis of correlation of evolutionary rate 
Rates along branches leading to and within Pelargonium A, B and C clades, 
Monsonia, Geranium and Erodium I and II clades were grouped separately for clade 
specific rate acceleration analysis.  The Ranksum test was performed to test clade-
specific rate accelerations and a P value of less than 0.05 was considered significant.  
Correction for multi-hypothesis testing was performed by adjusting the original P value 
with the FDR correction method using the built-in p.adjust function (method=”fdr”) in 
the R software package (http://www.r-project.org).  After correction, the false discovery 
rate among the significantly accelerated clades within each gene is less than 5%. 
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Correlation coefficients of evolutionary rates dN and dS between each gene pair 
were estimated using modified mirror tree methods (Pazos et al., 1997; Pazos and 
Valencia, 2001; Pazos et al., 2005).  Specifically, the evolutionary rates, dN or dS, on 
each branch of a given gene tree were collected to form a rate vector.  The rate 
correlation was quantified using the Pearson correlation coefficient between the rate 
vectors of different genes.  The rate vector of each gene pair was adjusted via vector 
projection by a correction vector representing the shared phylogenetic effects prior to the 
comparison.  The correction vector was generated with different modifications of the 
mirror tree method, the average method and principle component analysis (Sato et al., 
2005).  In the average method, the correction vector was determined in two ways, the 
average by all and the average by separation, in which either the correction vector was 
defined as the average of rate vectors of all genes, or two different correction vectors for 
nuclear and plastid genes were defined separately, as the average of rate vectors of 
corresponding gene groups.  In principle component analysis, the correction vector was 
calculated as the first principle component of the rate matrix formed by rate vectors of all 
genes. 
The correlation of dN/dS ratio of most (447/450) interaction pairs, quantified as 
“proportional improvement” as described in (Clark and Aquadro, 2010), was analyzed 
using HYPHY (Pond et al., 2005) with batch scripts downloaded from 
http://mbg.cornell.edu/cals/mbg/research/aquadro-lab/software.cfm (Clark and Aquadro, 
2010).  Specifically, the evolutionary rates and the likelihood of three (correlated, null, 
free) models for the estimated rates of each gene pair were evaluated with HYPHY, and 
the proportional improvement method estimates correlation of dN/dS ratio by calculating 
the proportional improvement of likelihood of the correlated model over the null model, 
with respect to the maximal possible improvement gained by the free model over the null 
model (Clark and Aquadro, 2010).  The remaining interaction pairs (3/450, psbC and 
psaA, psbC/psaA and nprb7) were analyzed using the same batch script template with 
modifications so that the likelihoods of the correlation model with different start points (-
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0.8, 1, 1.3) were optimized separately rather than sequentially.  The test for dS saturation 
was performed as described in Fares and Wolfe (2003) and Weng et al. (2014). 
The conserved domains of RNAP and SIG genes were predicted by NCBI CDD 
(Marchler-Bauer et al., 2013).  The predicted conserved domains were used for rate 
analysis, except for rpoC1 and rpoC2, because conserved domains were predicted to 
comprise the entire sequence for both of these genes.  Rate corrections were done by 
custom python scripts and are available as Supplemental Data File 3.3.  The Pearson 
correlation coefficients were calculated using the built in function in the python scipy 
module.  A correlation coefficient value of 0.6 or above was used to indicate a positive 
rate correlation (Sato et al., 2005).  The rate correlation of each gene with itself was 
removed from all analyses.  The one side Wilcoxon Rank Sum test and correction for 
multi-hypothesis testing was performed using R software package as described above. 
Structurally-mediated coevolution within groups of amino acids were evaluated 
for 28 plant species (27 Geraniales from this study plus Arabidopsis) and E. coli using 
CoMap (Dutheil and Galtier, 2007).  To evaluate structurally-mediated coevolution 
between amino acids from different genes, three different features (volume, charge, 
polarity) of amino acids were considered and amino acid substitutions at specific sites on 
each branch of the gene tree were quantified based on these features.  For each gene, the 
changes of amino acids on all branches at each site were extracted to form a site-specific 
substitution vector.  The site-specific substitution vectors from two different genes were 
compared to find structurally-mediated coevolved changes (i.e. volume increase at site X 
of gene A and volume decrease at site Y of gene B) of sites from different genes.  The 
interacting amino acid pairs between SIG and RNAP subunits were predicted with CMA 
(Sobolev et al., 2005), and by mapping the amino acid pairs with distance between them 
of less than 5 Å (Hu and Yan, 2009) in RNA polymerase of E. coli to those of Geraniales 
using custom python scripts (Supplemental Data File 3.3).  The distribution of distances 
of the coevolved amino acid pairs identified in the structurally-mediated evolutionary 
analysis, and the overlap between coevolved and the interacting amino acid pairs were 
executed with custom python scripts (Supplemental Data File 3.3). 
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Table 3.1.  The number of interaction pairs with a rate coefficient of over 0.6 within 
corresponding genes estimated by three mirror tree methods. 
RNAP contains rpoA, rpoB, rpoC1 and rpoC2.  Results of the average by all 
method (ρava), average by separation method (ρavs), and PCA method (ρpca) are shown. 
  dN  dS 
interactionsa   ρava ρavs ρpca  ρava ρavs ρpca 
RNAP – RNAP (6)   5  3  5   3  0  2  
RNAP – sig1 (4)   1  2  3   0  0  0  
RNAP – sig2 (4)   1  2  3   0  0  0  
RNAP – sig3 (4)   0  0  0   0  1  0  
RNAP – sig4 (4)   0  0  0   0 0  0  
RNAP – sig5 (4)   0  0  0   0  0  0  
RNAP – sig6 (4)   0  0  0   0  0  0  
RNAP – control (80)  0  0  0   10  0  8  
sig1 – control (20)  0  0  1   4  0  3  
sig2 – control (20)   0 0  0   5  0  4  
sig3 – control (20)  8  5  1   3  5  3  
sig4 – control (20)   11  0  0   5 1  2  
sig5 – control (20)   0  0  0   8  0  5  
sig6 – control (20)   1 0  0   10 0  9  
aThe number in parentheses is the total number of interaction pairs within corresponding 
genes. 
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Table 3.2. Ranksum test of rate correlation coefficient. 
The entire sequence of each gene was used in the analysis. Correlation 
coefficients ranked significantly higher among all interaction pairs are indicated with “+”.  
Coefficients that are not ranked significantly higher are indicated with “-”. Pt is the group 
of control genes from the plastid genome and nu is the group of control genes from the 
nuclear genome.  Results of the average by all method (ρava), average by separation 
method (ρavs) and PCA method (ρpca) are shown.  Results from average method were 
estimated in two ways (all/separate, see methods). 
  dN  dS 
interactions  ρava ρavs ρpca  ρava ρavs ρpca 
RNAP - RNAP  + + +  - - - 
RNAP - sig1  - + +  - - - 
RNAP - sig2  - + +  - - - 
RNAP - sig3  - - -  - - - 
RNAP - sig4  - - -  - - - 
RNAP - sig5  - - -  - - - 
RNAP - sig6  - + -  - - - 
RNAP - pt  - - -  - - - 
RNAP - nu  - - -  - - - 
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Figure 3.1.  Six sigma factor families in Geraniales and Arabidopsis. 
The unrooted amino acid-based maximum likelihood (ML) tree was generated 
using 178 complete sigma factor (SIG) sequences identified from 27 species of 
Geraniales and A. thaliana.  The ML tree (-lnL = -65001.9) topology parsed the 178 
sequences into six subgroups (enclosed in labeled circles).  Scale bar represents the 
number of amino acid substitutions per site.  Numbers at nodes are bootstrap support 
values. 
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Figure 3.2.  Shared clade-specific nonsynonymous rate (dN) acceleration in Geraniaceae. 
RNAP and SIG genes are highlighted in the key in blue and orange, respectively.  
Blue numerals on the constraint tree indicate shared dN acceleration in RNAP genes of 
the Pelargonium C clade.  For a more detailed version of the constraint tree see Appendix 
Figure 3.5.  Numbers at nodes indicate accelerated dN in corresponding gene from the 
key at left (0-14: plastid genes, 15-29: nuclear genes).  Scale bar represents the number of 
nucleotide substitutions per codon.  The long branch leading to E. chrysanthum and E. 
gruinum was interrupted for ease of visualization. 
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Figure 3.3.  Nonsynonymous (dN) and synonymous (dS) substitution rates for individual 
genes. 
Box plots represent the distribution of (A) dN or (B) dS value for each branch on 
the constraint tree (Appendix Figure 3.5).  While the dS values (B) were similar among 
genes from the same cellular compartment, the highest average values for dN (A) were 
found in SIG genes (orange) followed by RNAP genes (blue).  The scale for dN and dS is 
different to facilitate visualization of the results. 
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Figure 3.4.  Strong correlation of nonsynonymous (dN) but not synonymous (dS) 
substitution rates between sig1/2/5 and RNAP genes using three methods of 
analysis. 
The entire sequence of each gene was used in this analysis (see Methods).  The 
correlation of dN and dS values were calculated by modifications of the mirror tree 
method (A) average method (all), (B) average method (separation) and (C) PCA.  All 
interaction pairs with a correlation coefficient of higher than 0.6 were considered 
significant and shown with a blue square.  RNAP and SIG genes, highlighted in blue and 
orange fonts respectively, show strong correlation of dN but not dS (highlighted in orange 
shaded box).  Little to no correlation of dN between RNAP/SIG genes and the control 
genes (in black font) was detected.  Gene names and cellular locations corresponding to 
each number are given below the diagram. 
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Figure 3.5.  Strong correlation of dN/dS between RNAP and SIG genes. 
The correlation of dN/dS was quantified using proportional improvement (Clark 
and Aquadro, 2010).  Interaction pairs with a proportional improvement of higher than 
0.6 were considered significant and shown with a blue square in the figure.  RNAP and 
SIG genes, highlighted in blue and orange fonts, respectively, show strong correlation of 
dN/dS (highlighted in orange shaded box).  Little to no correlation of dN/dS between 
RNAP/SIG genes and the control genes (in black font) was detected.  Gene names 
corresponding to each number are given below the diagram. 
 59 
 Chapter 4: Coevolution between rates of nuclear encoded DNA RRR 
genes and plastid genome complexity 
INTRODUCTION 
Plastid genomes of angiosperms are generally highly conserved with a 
quadripartite structure that includes large single copy (LSC), small single copy (SSC) and 
two inverted repeat (IR) regions and a conserved gene content and order (Ruhlman and 
Jansen, 2014).  However, several unrelated lineages have experienced substantial 
variation in genome organization, including Campanulaceae (Cosner et al., 2004; Haberle 
et al., 2008; Knox, 2014), Ericaceae (Fajardo et al., 2012; Martínez-Alberola et al., 2013), 
Geraniaceae (Chumley et al., 2006; Guisinger et al., 2008, 2011; Chris Blazier et al., 
2011; Weng et al., 2014) and Fabaceae (Milligan et al., 1989; Perry et al., 2002; Cai et 
al., 2008; Sabir et al., 2014).  In addition to highly rearranged plastid genomes, there is 
evidence for a correlation between rates of plastid genome rearrangements and nucleotide 
substitutions in several lineages (Jansen et al., 2007; Guisinger et al., 2008; Sloan et al., 
2012; Weng et al., 2014).  The cause of the correlation between genome complexity and 
evolutionary rates is not clear but it has been hypothesized that it may be due to 
alterations in DNA repair and recombination mechanisms. 
 Among angiosperms changes of plastid genome complexity in Geraniaceae are 
unprecedented in number and diversity.  A large number of genome rearrangements have 
been detected in multiple genera, including Hypseocharis, Pelargonium, Monsonia, 
Geranium and Erodium (Chumley, 2006; Blazier et al., 2011; Guisinger et al., 2011; 
Weng et al., 2014).  Two clade-specific IR loss events occur in Erodium and Monsonia 
(Blazier et al., 2011; Guisinger et al., 2011), and an order of magnitude difference in IR 
size (7kb to 75kb) is present among the remaining species in the family (Guisinger et al., 
2011).  Highly elevated nonsynonymous (dN) substitution rates are known in plastid 
encoded genes in Geraniaceae (Guisinger et al., 2008), and a high incidence of repetitive 
DNAs is prevalent in highly rearranged genomes (Chumley et al., 2006; Guisinger et al., 
2011; Weng et al., 2014).  While dysfunction of DNA replication, recombination and 
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repair (DNA RRR) systems has been suggested as a potential cause for these unusual 
phenomena, this hypothesis has not been tested (Jansen et al., 2007; Guisinger et al., 
2008; Sloan et al., 2012; Weng et al., 2014). 
 Plastid genomes of angiosperms do not encode any genes for DNA RRR proteins 
to maintain genome stability (Bock, 2007; Ruhlman and Jansen, 2014).  Genes for these 
proteins are encoded in nuclear genome and imported into plastids.  Various DNA RRR 
genes have been verified experimentally (Day and Madesis, 2007; Maréchal and Brisson, 
2010; Boesch et al., 2011).  For plastid DNA replication, two plastid targeted DNA 
polymerases, AtDNA I-like DNA polymerase A (AtPolI-like A) and AtPolI-like B have 
been characterized in Arabidopsis (Mori et al., 2005).  AtPolI-like B is upregulated after 
DNA damage caused by H2O2, suggesting a potential role in DNA repair (Mori et al., 
2005).  Replication protein A (RPA), a protein complex composed of three subunits 
(RPA70, RPA32, RPA14), is involved in plastid DNA replication (Hübscher et al., 1996; 
Kornberg and Baker, 2005).  Multiple types of RPA are present in rice and the type-A 
RPA complex (OsRPA70a-OsRPA32-2-OsRPA14) is targeted to plastids (Ishibashi et 
al., 2006).  Gyrase, previously characterized to be involved in untangling plastid DNA 
after replication/recombination, is critical for plastid DNA maintenance (Ye and Sayre, 
1990; Cho et al., 2004).  Two types of gyrase (GYRA and GYRB) are known in 
angiosperms, and plastid targeted genes for both types are present in Arabidopsis and 
Nicotiana benthamiana (Cho et al., 2004; Wall et al., 2004).  For DNA recombination, 
chloroplast mutator (CHM/MSH1 or MSH1), a homolog of the bacteria gene involved in 
DNA recombination and mismatch repair (MMR), is known to regulate DNA 
recombination and genome stability (Xu et al., 2011).  Two homologs of MSH1 (MMR-
Muts and MMR-Muts-type2) with plastid subcellular localizaton were identified 
experimentally (Carrie et al., 2009).  RecA is another well studied protein family essential 
for various pathways involved in homologous recombination (Cox, 2007).  Three copies 
of RecA genes are present in Arabidopsis and two of them (RecA1 and RecA2) are 
targeted to plastids (Shedge et al., 2007).  Recent studies in Physcomitrella patens 
identified a homolog of bacterial RecG helicase, and revealed that RecG is critical in 
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maintaining organelle genome stability (Odahara et al., 2015).  Two proteins DRT111 
(DNA-damage-repair-toleration) and DRT112 from Arabidopsis were shown to partially 
restore DNA recombination proficiency and damage-resistance in E. coli mutants, and 
both of them were predicted to be targeted to plastids, suggesting a potential role in DNA 
recombination/repair in plastid genomes (Pang et al., 1993).  Knockout studies in 
Arabidopsis also suggested that whirly protein families are involved in maintaining 
plastid genome stability by suppressing DNA recombination within short repeats, and 
two proteins from this family (why1 and why3) are targeted to plastids (Maréchal et al., 
2009).  Mutants with reduced expression of RAD51-1 and RAD52-2 (or ODB1 and 
ODB2) showed decreased levels of intrachromosomal recombination, and only RAD52-2 
is targeted to plastid (Samach et al., 2011).  Deletion of OSB1 (organellar single-stranded 
DNA binding protein) has been shown to increase recombination between repeats in the 
mitochondrial genome, and two homologs OSB2 (or PTAC9) and OSB3 are targeted to 
plastids (Zaegel et al., 2006; Maréchal and Brisson, 2010).  NTH1 and NTH2, which 
encode DNA glycolases, are involved in base excision repair in the plastid genome 
(Gutman and Niyogi, 2009).  Two plastid targeted homologs of RecQ helicase, which is 
involved in maintaining genome stability, have been identified in rice (Saotome et al., 
2006). 
 Plastid-targeted DNA RRR genes provide candidates for investigating the 
correlation between alterations in DNA RRR systems and the increase of plastid genome 
complexity in Geraniaceae.  Previous studies (Jansen et al., 2007; Guisinger et al., 2008, 
2011; Weng et al., 2014) have hypothesized that the highly rearranged plastid genomes 
and accelerated dN in this family are due to aberrant DNA RRR mechanisms.  In this 
study, the complexity of 27 Geraniales plastid genomes was estimated using several 
independent metrics.  Transcriptomes for the same 27 species (Zhang et al., 2015) were 
mined to extract nuclear encoded, plastid targeted DNA RRR genes and genes with 
different subcellular locations (plastid, mitochondrial and other) as negative controls.  An 
analysis of correlation between nucleotide substitution rates of DNA RRR, control genes 
and plastid genome complexity was performed.  The identified correlation between DNA 
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RRR genes and genome complexity, and the connection between functions of the DNA 
RRR genes and genome complexity metrics supported the hypothesis.  Correlations 
identified between some control genes and genome complexity were unexpected.  
Comparison of Geraniales and Brassicales nuclear genes with different subcellular 
locations identified significant acceleration of dN in the DNA RRR and NUCP genes in 
Geraniales.  The significant acceleration of dN of NUCP genes in Geraniales provides a 
possible explanation for the correlation between dN of NUCP genes and genome 
complexity.  Possible causes of the acceleration of dN of NUCP genes are discussed. 
 
RESULTS 
Plastid Genome Sequencing 
Illumina paired end and PacBio reads were generated and assembled for two 
species of Monsonia (See Appendix Table 4.1 for read information).  The inverted repeat 
(IR) was absent from the plastid genomes of M. emarginata (134,416bp) and M. 
marlothii (156,877bp).  Both genomes contained 107 different genes, including 74 
protein coding genes, 29 transfer RNA genes and four ribosomal RNA genes.  Introns 
were detected in 14 different genes in both genomes.  The GC content for M. emarginata 
and M. marlothii were 40.2% and 39.3%, respectively. 
Genome Complexity 
Four measures of genome complexity (genome rearrangements, repeat content, 
evolutionary rates and insertions and deletions (indels)) were estimated by comparing the 
plastid genomes of 27 Geraniales species (Appendix Figure 4.1) to the Arabidopsis 
reference genome (Table 4.1), which has the same gene order as the ancestral genome of 
Geraniales (Weng et al., 2014).  For estimating genome rearrangements, locally collinear 
blocks (LCBs) were identified by either Mauve for multiple genome alignments of 27 
species of Geraniales and Arabidopsis or by pairwise genome alignment between each of 
the Geraniales species and Arabidopsis.  An additional measure of genome rearrangement 
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was based on synteny of 63 shared genes across the 27 species of Geraniales and 
Arabidopsis. 
Two metrics of genome rearrangement, break point (BP) and inversion (IV) 
distance, were estimated based on the order of LCBs or the synteny of shared genes 
(Table 4.1, Appendix Figure 4.2).  Within the same species, the estimated BP and IV 
distance was similar.  The BP and IV distances of Geraniaceae species ranged from 3 - 
17, while the outgroup species (Francoa sonchifolia, Melianthus villosus), which have 
similar plastid genome organization to Arabidopsis, had much smaller BP and IV 
distances (0 - 2, Table 4.1, Appendix Figure 4.2).  The largest IV distance was 17 
between Geranium maderense and Arabidopsis, and the largest BP distance was 17 
between G. maderense and Arabidopsis and between Erodium chrysanthum and 
Arabidopsis.  Multiple clade-specific increases of BP and IV distances were observed in 
Geraniaceae (Hypseocharis, Geranium, Monsonia, Pelargonium C2 clade and Erodium 
clade I, Appendix Figure 4.1). 
Two classes of repeats, small dispersed repeats (SDR) and tandem repeats, were 
identified.  The greatest numbers of SDRs (752) and tandem repeats (107) were both 
found in G. incanum (Table 4.1, Appendix Figure 4.3A).  The fewest repeats were found 
in the outgroup species for both SDR (F. sonchifolia, 36; M. villosus, 44) and tandem 
repeats (F. sonchifolia, 19; M. villosus, 15).  Clade-specific increases in repeat content 
were observed in Geraniaceae (Geranium, Monsonia, Pelargonium C2 clade and 
Erodium clade I, Table 4.1, Appendix Figures 4.1 and 4.3A). 
The number of nucleotide insertions and deletions (indels) were estimated in three 
different regions of the plastid genome, protein coding and ribosomal RNA (CDR), intron 
and intergenic (IG) regions.  Among the 27 species of Geraniales and Arabidopsis, 63 
CDRs, 8 intron regions and 24 IGs were identified as shared and analyzed (Appendix 
Table 4.2).  The greatest number of IG indels (364) was identified in G. phaeum and G. 
incanum (Table 4.1, Appendix Figure 4.3B).  The greatest number of CDR indels (123) 
was found in M. emarginata, and E. chrysanthum had the most intron indels (185, Table 
4.1, Appendix Figure 4.3B).  Fewer CDR indels (33 to 37) were identified in the 
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outgroup species compared to Geraniaceae species (73 to 123) and the number of intron 
and IG indels was similar across all Geraniaceae species (Table 4.1, Appendix Figure 
4.3B).  
Nucleotide substitution rates 
Synonymous (dS) and nonsynonymous (dN) substitution rates in the plastid 
genome were estimated using the concatenated alignment of 59 shared plastid encoded 
protein coding genes (Table 4.1).  Lower dN (0.039 to 0.041) and dS (0.35 to 0.37) were 
detected in the outgroup species compared with Geraniaceae (dN, 0.065 to 0.094; dS 0.43 
to 0.62).  The highest dN (0.094) was detected in E. chrysanthum and the highest dS 
(0.63) was detected in both E. chrysanthum and E. gruinum (Table 4.1).  Multiple clade-
specific accelerations of dN were detected in the Pelargonium C clade, and in Erodium 
clade I (Appendix Figure 4.1).  Clade-specific acceleration of dS was only observed in 
Erodium clade I, while other Geraniaceae species had a similar dS value (0.5). 
 The value of dS and dN for 12 nuclear encoded DNA RRR genes, 90 nuclear 
encoded control genes and 59 plastid encoded genes were estimated based on the 
MAFFT alignments (See Supplemental Data File 4.1 for alignments).  The 90 control 
genes were divided into three groups based on their subcellular localization (plastid 30, 
mitochondrial 30, other 30, see Supplemental Data File 4.2).  Of the five gene groups, 
DNA RRR genes, plastid encoded genes, nuclear encoded plastid targeted genes(NUCP), 
nuclear encoded mitochondrial targeted genes (NUMT) and other nuclear encoded genes 
(NUOT), NUMT had the highest median value of dN (0.19) and dS (2.14, Figure 4.1).  
NUCP had the lowest dN (0.17), while NUOT had the lowest dS values (2.00).  Both dN 
(0.061) and dS (0.52) of plastid encoded genes were much lower than nuclear genes 
(Figure 4.1).  The average dN of nuclear genes (0.18) was approximately three times 
higher than plastid encoded genes (0.061), and dS was about four times higher (2.09 
versus 0.52). 
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Correlation of Genome Complexity and Nucleotide Substitution Rates 
To evaluate the correlation between measures of genome complexity and 
evolutionary rates, each metric was calculated for 27 species as a vector.  Prior to the 
correlation test between genome complexity and substitution rates, correlation tests 
among genome complexity measures were performed to eliminate those that were highly 
correlated.  Analysis of the six measures of genome rearrangement (Appendix Table 4.3) 
indicated that four of the six metrics were highly correlated (correlation coefficient 
>0.95).  This resulted in the elimination of all but two genome rearrangement metrics, IV 
distance based on either LCBs from pairwise genome alignment or synteny of shared 
genes.  Correlations among all remaining measures of genome complexity were 
calculated (Appendix Table 4.4).  The highest correlation was observed between CDR 
indels and dN (0.92).  High correlation was also observed among measures of genome 
rearrangement (0.88), and dN and dS (0.83).  No other strong correlations were detected 
among the remaining measures (from -0.24 to 0.77). 
The correlation between nine measures of plastid genome complexity and 
evolutionary rates of 12 nuclear encoded DNA RRR genes was evaluated and 90 nuclear 
encoded genes with different subcellular locations were included as negative controls 
(Figure 4.2).  Significant correlation between dN and genome complexity was identified 
for various genes of NUCP, NUMT and DNA RRR gene groups (Figure 4.2A).  
Significant correlation (Pearson correlation test, P value < 0.05 after multi-hypothesis 
correction) of dS and genome complexity was detected in two pairs; dS of recb and Intron 
indels, and dS of mmr2 and dS CP (Figure 4.2B).  The number of genes with dN 
significantly correlated to genome complexity measures is summarized in Figure 4.3.  
Three genes were identified with significant correlation to genome complexity in both the 
NUMT and RRR gene groups (Figure 4.3).  The greatest number of genes (10 out of 30) 
showing significant correlation was in the NUCP group (Figure 4.3).  Detailed 
information on the gene and genome complexity pairs showing significant correlation is 
shown in Appendix Table 4.5, and results of the correlation analysis for all comparisons 
are shown in Supplemental Data Set 4.3.  No significant correlations were identified 
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using measures of genome rearrangement or repeat content.  Of the measures of genome 
complexity showing significant correlation, the highest number (8) was in CDR indels.  
Of the genes showing a significant correlation, the greatest number was identified for 
rh22 and uvrB.  Both genes were positively correlated with the same complexity 
measures:  CDR and intron indels, and plastid genome dN (Appendix Table 4.5).  
Although three NUMT genes showed a significant correlation with various measures of 
genome complexity, two of them are targeted to both plastids and mitochondria 
(Appendix Table 4.5, Supplemental Data Set 4.2). 
Significant correlations between dN and genome complexity were identified not 
only in DNA RRR genes, but also in NUCP control genes (Figures 4.2 and 4.3).  This 
result was not expected, therefore another angiosperm family was investigated to 
compare nucleotide substitution rates in plastid and nuclear encoded genes.  The same 
nuclear and plastid gene sets from 10 species of Brassicales were assembled from 
published data (Appendix Table 4.6).  Five DNA RRR, 28 NUCP, 19 NUMT, 20 NUOT 
and 59 plastid encoded genes common to both Geraniales and Brassicales were identified 
(Appendix Table 4.7).  Because the Geraniales data set was larger both in terms of 
numbers of species and genes, a subset of taxa and genes was utilized for rate 
comparisons of different gene groups (see METHODS).  Rate acceleration of dN was 
observed in all gene groups in Geraniales compared to Brassicales (Figure 4.4A), and 
significant acceleration (student t test, P < 0.05) was observed in NUCP, RRR and plastid 
encoded genes.  Significant acceleration of dS in Geraniales compared to Brassicales was 
identified in plastid encoded genes but not in any nuclear encoded genes (Figure 4.4B). 
 
DISCUSSION 
Nucleotide Substitution Rates in Geraniaceae 
Synonymous (dS) and nonsynonymous (dN) substitution rates of nuclear and 
plastid encoded genes were estimated in Geraniaceae.  The ratio of dS of nuclear and 
plastid encoded protein coding genes was approximately four to one (Figure 4.1), which 
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is in the range of previous studies from 4:1 to 6:1 (Wolfe et al., 1987; Gaut, 1998; Drouin 
et al., 2008).  A recent study in Arabidopsis compared dS of 12 nuclear encoded protein 
coding genes and three plastid noncoding regions, and a similar ratio (5:1) between dS of 
nuclear and plastid DNA was detected (Huang et al., 2012).  The ratio of dN for nuclear 
and plastid encoded genes in Geraniaceae was approximately 3:1 (Figure 4.1), which falls 
in the range of previous estimates in angiosperms of 1:1 to 5:1 (Gaut, 1998; Drouin et al., 
2008).  A similar ratio between dN (4.5:1) of nuclear and plastid encoded genes was also 
observed in diatoms (Sorhannus and Fox, 1999).  Across angiosperms the ratio of dN 
between nuclear and plastid genome fluctuates more (1:1 to 5:1) than that of dS (4:1 to 
6:1).  Lineage specific effects could be one factor causing dN variation in different plant 
families, as previous studies suggested that nonsynonymous substitution rate is more 
likely to be affected by this phenomenon (Wolfe et al., 1987; Wolf, 2012).  
Rates of nuclear genes with different subcellular locations, plastid (NUCP), 
mitochondrion (NUMT) and other (NUOT) were very similar (dN 1.0:1.0:1.1, dS 
1.1:1.1:1.0, Figure 4.1) in Geraniaceae.  To the best of our knowledge, this is the first 
family-wide analysis comparing rates of nuclear encoded genes that are targeted to 
different subcellular locations.  Studies in Silene compared rates of ribosomal proteins 
with different subcellular locations (plastid, mitochondrial, cytosolic) using three species 
pairs (Sloan et al., 2014).  Similar results in dS (1.0:1.0:1.0) but not dN (14.0:12.0:1.0) 
were detected.  Unlike Geraniaceae, the dN of cytosolic targeted ribosomal proteins was 
much lower than their organellar targeted counterparts in Silene.  There are two possible 
explanations for this difference.  First, since NUOT genes could be targeted anywhere 
except to the plastid and mitochondrion (e.g. endoplasmic reticulum), a much higher dN 
in the non-cytosolic targeted NUOT genes, could elevate the average dN of that group 
such that they appeared to be similar to that of other gene groups in Geraniaceae.  
Second, assuming the ratio of dN of different gene groups in Geraniaceae (1.0:1.0:1.1) is 
the ancestral state for both families, the ratio of dN of the three gene groups (14:12:1) in 
Silene could be caused by lineage specific acceleration of dN in both plastid- and 
mitochondrial-targeted gene groups.  The Silene species involved in rate comparisons 
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have fast-evolving plastid and mitochondrial encoded genes, which could be the factor 
causing the increase of rates of the nuclear encoded organellar targeted ribosomal 
proteins (Sloan et al., 2014).  Correlated acceleration of dN but not dS of genes encoding 
interacting subunits from different subcellular compartments has been documented in 
several studies including Geraniaceae and Silene (Barreto and Burton, 2013; Sloan et al., 
2014; Zhang et al., 2015), making the second explanation more plausible. 
Correlation of Genome Complexity and Nucleotide Substitution Rates 
Previous studies in Geraniaceae revealed highly elevated nucleotide substitution 
rates and extensive genome rearrangements (Chumley, 2006; Blazier et al., 2011; 
Guisinger et al., 2011; Weng et al., 2014).  One possible explanation for the high levels 
of genome complexity is dysfunction of the nuclear encoded plastid targeted DNA 
replication, recombination and repair (RRR) genes (Guisinger et al., 2008; Weng et al., 
2014).  If this were the case, correlated changes in substitution rates of DNA RRR genes 
and genome complexity would be predicted.  Of the 12 plastid targeted DNA RRR genes 
investigated, dN of three genes (gyra, uvrB and why1) show a significant correlation with 
the number of indels of protein and ribosomal RNA coding genes (CDR) and introns, and 
dN of the plastid genome (dN CP) (Figure 4.2 and Appendix Table 4.5).  Of the three 
DNA RRR genes, uvrB, known to be involved in the plastid nucleotide excision repair 
system (Hsu et al., 1995), was significantly correlated to both indels of CDR/introns and 
dN CP (Figure 4.2), suggesting that changes in the nucleotide excision repair system may 
be involved in the observed complexity of Geraniaceae plastid genomes.  The detection 
of a correlation between why1 and indels of CDR, and between gyra and dN CP is 
unexpected because both of the genes are involved in DNA replication/recombination 
directly, while both indels of CDR and dN CP are complexity measures based more on 
nucleotides.  Why1 is known to affect plastid genome stability (Maréchal et al., 2009), 
and gyra has been suggested to be involved in untangling DNA after replication and 
recombination (Cho et al., 2004).  There are other possible explanations for the 
correlations between dN of DNA RRR genes and genome complexity.  First, a common 
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factor affected both the increased rates of nucleotide substitutions of the DNA RRR 
genes (uvrB, why1, gyra) and plastid genome complexity.  Second, the dysfunction of 
DNA RRR genes (why1, gyra) led to the increase in genomic rearrangements, indels and 
dN CP.  The first scenario does not explain why the common factor only affects certain 
measures of genome complexity, i.e., dN CP but not dS CP (Appendix Table 4.5).  On the 
other hand, the underlying connection between function of DNA RRR genes and plastid 
genome complexity provides a biological basis for the correlation, making the second 
explanation more likely. 
Estimates of correlation between dN of DNA RRR genes and plastid genome 
complexity included 90 nuclear encoded genes with three different subcellular locations 
as negative controls.  Unexpected significant correlations between genome complexity in 
both NUCP and NUMT genes were detected (Figure 4.3).  Two out of the three NUMT 
genes that showed a correlation are dually targeted to plastids, suggesting that this result 
is likely caused by the plastid component for two of the genes.  Significant correlations 
with NUCP genes involved genes with a wide diversity functions (i.e. RNA binding, 
cytochrome c biogenesis and cell cycle control, Supplemental Data File 4.2), arguing 
against the possibility that shared functional constraints maintain the correlation for the 
control genes.  None of the DNA RRR or nuclear control genes show both correlated dN 
and dS with the genome complexity, suggesting that the correlations are not due to the 
effect of a global background mutation rates (Figure 4.2B).  To investigate the possible 
cause of the correlation between the control genes and genome complexity, we compared 
rates of the same genes that are targeted to different subcellular locations (NUCP, 
NUMT, NUOT, RRR, and plastid) between Geraniales and Brasscicales.  Brassicales 
have highly conserved plastid genomes with only a single genomic rearrangement (loss 
or rps16, Figure 4.3 in Ruhlman and Jansen, 2014).  Significant acceleration of dN for 
Geraniales was observed only in NUCP, DNA RRR and plastid encoded gene groups, 
relative to Brassicales (Figure 4.4A).  The acceleration of dN in NUCP and DNA RRR 
genes provides an explanation for the observation of correlation of the dN of these gene 
groups with genome complexity.  The lack of significant acceleration of dS for NUCP 
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and DNA RRR genes (Figure 4.4B) argues against the explanation that the correlation of 
dN is due to differences in background mutation rates between the orders. 
Due to the unusually high levels genome rearrangement and elevated rates of 
nucleotide substitutions (Chumley et al., 2006; Guisinger et al., 2008; Blazier et al., 2011; 
Guisinger et al., 2011; Weng et al., 2014), Geraniaceae are an attractive system to study 
nuclear-organelle genome coevolution.  Previous studies hypothesized that these 
phenomena may be the result of alterations in DNA repair and recombination 
mechanisms (Guisinger et al., 2008, 2011; Weng et al., 2014).  The identification of a 
significant correlation between rates of DNA RRR genes and some measures of genome 
complexity, and the connection between the functions of DNA RRR genes and specific 
metrics of genome complexity support this hypothesis.  The identification of a correlation 
between NUCP and NUMT control genes and genome complexity is unexpected.  Two 
possible explanations for the increase in dN of these control genes include: that they are 
caused by the increase of plastid genome complexity, which was caused by dysfunction 
of DNA RRR systems; and that the increase of dN of the control genes is caused by a 
factor other than the plastid genome complexity, and even possibly the same factor that 
causes the increase of dN of DNA RRR genes.  Further study is needed to disentangle 
these scenarios.  Rate comparisons between Geraniales and Brassicales indicated that the 
acceleration of dN of the NUCP control genes in Geraniales may explain the correlation 
with the genome complexity. 
 
METHODS 
DNA isolation, whole genomic sequencing and assembly 
Total genomic DNA of Monsonia emarginata and M. marlothii was isolated from 
young leaf tissues and was sequenced with Illumina HiSeq 2000 at the University of 
Texas Genomic Sequencing and Analysis Facility (GSAF) as described in Weng et al., 
(2014).  For each species, approximately 60 million 100 bp, paired end reads were 
generated from 800 bp insert libraries.  A 10 kb SMRT cell library was constructed with 
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PacBio RS II sequencing and one cell of sequence data was generated at the University of 
Florida Interdisciplinary Center for Biotechnology Research.  All PacBio reads were 
corrected with the long read error correction tool (LSC) 
(http://www.healthcare.uiowa.edu/labs/au/LSC/LSC_manual.html) using Illumina paired 
end reads. 
De novo assembly of the Illumina paired end reads was performed with Velvet v 
1.2.07 (Zerbino and Birney, 2008) with various parameters (kmer 79 to 95 bp and 
coverage 200, 500 and 1000) settings to optimize contig length.  Corrected PacBio reads 
(Appendix Table 4.1) were used to join Velvet assemblies and create scaffolds.  Both 
Illumina and PacBio reads were mapped back to the scaffolds using Geneious 
(Biomatters, http://www.geneious.com/) to fill gaps. 
RNA isolation and transcriptome sequencing and assembly 
Total RNA was extracted from newly emergent leaves of 27 species of 
Geraniales, and four different tissue types (emergent and expanded leaves, roots and 
flowers) of Pelargonium x hortorum as described in Zhang et al. (2015).  Transcriptome 
sequencing was performed with HiSeq 2000 at UT GSAF.  Sequence data was 
preprocessed and assembled as described in Zhang et al. (2013, 2015).  
Plastid genome complexity analysis 
Plastid genomes of 27 species of Geraniales and Arabidopsis were used for the 
genome complexity analysis, 26 of which were downloaded from NCBI (Arabidopsis 
thaliana NC_000932, Francoa sonchifolia NC_021101, Melianthus villosus NC_023256, 
Hypseocharis bilobata NC_023260, Pelargonium nanum KM527896, P. citronellum 
KM527888, P. echinatum KM527891, P. incrassatum KM527894, P. fulgidum 
KM527893, P. cotyledonis KM459516, P. australe KM459517, P. dichondrifolium 
KM459515, P. exstipulatum KM527892, P. myrrhifolium KM527895, P. tetragonum 
KM527899, P. transvaalense KM527900, P. x hortorum NC_008454, Geranium 
maderense, G. phaeum, G. incanum, California macrophylla JQ031013, Erodium 
texanum NC_014569, E. chrysanthum, E. gruinum NC_025907, E. foetidum, E. trifolium 
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NC_024635). Plastid genomes of the remaining two species (Monsonia emarginata, M. 
marlothii) were assembled in this study as described. Different measures of genome 
complexity (genome rearrangements, repeat content and indels, described below) were 
estimated by comparing the plastid genomes of 27 species of Geraniales to Arabidopsis. 
Multiple genome alignment of the 27 species of Geraniales and Arabidopsis, and 
pairwise genome alignment between each species of Geraniales and Arabidopsis was 
performed using the progressive Mauve algorithm (Darling et al., 2010) in Geneious.  
Shared genes across the 28 species were identified by a custom Python script.  The 
locally collinear blocks (LCBs) identified by Mauve alignment and the order of the 
shared genes identified by a custom Python script were numbered for genome 
rearrangement estimation.  Two genome rearrangement measures, inversions and break 
point distances, were estimated by comparing the numbered LCBs and gene order 
between 27 species of Geraniales with Arabidopsis, using Grimm (Tesler, 2002a, 2002b) 
and the online web server Common Interval Rearrangement Explorer respectively (Bernt 
et al., 2005). 
Each plastid genome was blasted against itself with NCBI-BLAST (BLAST 
2.2.28+) using default parameters.  One IR was removed from the plastid genomes where 
two copies were present.  Blast results were parsed with a custom Python script to 
identify small dispersed repeats.  Tandem repeats were identified using Tandem Repeat 
Finder (v 4.07b, Benson, 1999) with default parameters.  Variation in repeat content was 
estimated by subtracting the number of repeats in Arabidopsis from those identified in the 
other 27 species. 
Shared protein coding genes, intron regions and intergenic regions among the 28 
species were identified and sequences were aligned with MAFFT (Katoh and Standley, 
2013) in Geneious.  Indels within these regions were calculated by comparing the aligned 
regions of 27 species in Geraniales to Arabidopsis using a custom Python script.  
Alignments of the shared protein coding genes were concatenated for plastid genome rate 
estimation. 
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Evolutionary rate estimation 
PAML’s codeml (Yang, 2007) was used to estimate synonymous (dS) and 
nonsynonymous (dN) substitution rates using the codon frequencies model F3X4.  
Gapped regions were excluded with parameter “cleandata = 1”.  Pairwise rates were 
estimated with parameter “runmode = -2”.  Twelve nuclear encoded, plastid targeted 
DNA replication, recombination and repair (RRR) genes were analyzed.  Ninety nuclear 
control genes with different subcellular locations (plastid 30, mitochondrial 30, other 30), 
which are orthologus to genes in APVO database (Duarte et al., 2010), were used as 
negative control groups.  Fifty-nine plastid encoded genes were extracted from the plastid 
genome annotations as described in Weng et al. (2014).  The accession numbers and 
descriptions of corresponding genes in Arabidopsis thaliana are shown in Supplemental 
Data File 4.1. 
Analysis of correlation between evolutionary rate and genome complexity 
Correlation between dN or dS of each gene and the measures of genome 
complexity was performed using the original mirror tree method as described in (Pazos et 
al., 1997; Pazos and Valencia, 2001; Pazos et al., 2005).  The evolutionary rates (dN and 
dS) of each gene, and each genome complexity measure for the 27 species of Geraniales 
were collected as a rate or genome complexity vector, respectively.  Any correlation 
between the rate vector and genome complexity vector was estimated with the Pearson 
correlation test using built in function pearsonr in scipy module of Python.  The resulting 
P values were adjusted using Bonferroni correction to remove the effect of multi-
hypothesis testing. 
Rate comparisons between Geraniaceae and Brassicaceae 
Based on previously published phylogenies of Brassicaceae (Kagale et al., 2014), 
nine species of Brassicacae (Arabidopsis lyrata, Arabidopsis thaliana, Arabis alpina, 
Barbarea verna, Brassica napus, Brassica rapa, Capsella bursa-pastoris, Pachycladon 
cheesemanii and Raphanus sativus) and one outgroup species (Caricaceae Carica 
papaya) were selected.  For all species included, either complete or partial plastid 
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genome and transcriptome information was available.  Reciprocal blast searches were 
used to identify orthologs of DNA RRR and nuclear control genes.  Rates for those genes 
present in both Geraniaceae and Brassicaceae datasets were compared.  To avoid bias in 
the rate comparisons, a similar number (11) of representative species of Geraniales 
(Melianthus villosus, Hypseocharis bilobata, Pelargonium nanum, P. exstipulatum, P. 
myrrhifolium, P. x hortorum, Monsonia emarginata, Geranium maderense, Erodium 
chrysanthum, E. foetidum) were selected.  Genes were separated into five groups based 
on their functions and subcellular locations (DNA RRR, nuclear-encoded-plastid-targeted 
control, nuclear-encoded-mitochondrial-targeted control, other nuclear-encoded control, 
plastid encoded).  Rates of the same gene groups from the two families were compared 
using Student’s t test. 
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Table 4.1. Measures of genome complexity among 27 Geraniales species.  
Species1 LCBs 
- p2 
Gene 
order2 
SDR2 Tandem2 CDR2 Intron2 IG2 dN 
CP2 
dS 
CP2 
F. sonchifolia 0 0 36 19 33 132 283 0.039 0.35 
Melianthus 
villosus 
2 0 44 15 37 150 299 0.041 0.37 
H. bilobata 12 11 88 55 73 158 292 0.065 0.43 
P. nanum 5 3 99 47 109 152 331 0.086 0.50 
P. citronellum 5 3 84 40 108 153 336 0.087 0.50 
P. enchinatum 5 3 71 33 110 155 326 0.088 0.50 
P. incrassatum 5 3 125 56 106 152 339 0.088 0.50 
P. fulgidum 5 3 116 43 108 151 340 0.087 0.50 
P. cotyledonis 6 4 87 28 106 156 337 0.087 0.50 
P. australe  6 4 90 42 105 155 338 0.086 0.50 
P. dichondrifolium 7 4 105 42 104 154 330 0.087 0.50 
P. exstipulatum 6 4 120 47 106 159 342 0.087 0.50 
P. myrrhifolium 8 4 79 31 115 154 332 0.091 0.50 
P. tetragonum 7 3 72 27 115 158 329 0.090 0.50 
P. transvaalense 12 8 490 41 107 156 324 0.087 0.50 
P. x hortorum 11 12 171 25 120 156 325 0.093 0.51 
M. emarginata 9 13 191 58 123 169 333 0.088 0.52 
M. marlothii 12 14 160 85 117 173 336 0.085 0.50 
G. maderense 13 17 196 38 114 171 310 0.081 0.52 
G. phaeum 11 10 378 64 120 174 364 0.079 0.51 
G. incanum 14 11 752 107 122 175 364 0.078 0.50 
C. macrophylla 3 4 58 40 79 165 311 0.071 0.49 
E. texanum 12 12 132 27 110 180 300 0.083 0.52 
E. chrysanthum 15 11 122 33 110 185 326 0.094 0.62 
E. gruinum 14 9 72 35 111 166 319 0.093 0.62 
E. foetidum 4 3 58 46 88 172 306 0.076 0.50 
E. trifolium 6 5 60 35 95 170 320 0.077 0.51 
 
1Generic name abbreviations:  F, Francoa;  H, Hypseocharis;  P, Pelargonium; M, 
Monsonia;  G, Geranium;  C, California;  E, Erodium. 
2Genome complexity abbreviations: LCBs - p, IV distance estimated from local collinear 
blocks; Gene order, IV distance estimated from gene order; SDR, small dispersal repeats; 
Tandem, repeats estimated from Tandem Repeat Finder (Benson, 1999); CDR, number of 
indels in coding and ribosomal RNA regions; Intron, number of indels in intron regions; 
IG, number of indels in intergenic regions; dN CP, nonsynonymous substitution rates of 
the plastid genome; dS CP, synonymous substitution rates of the plastid genome. 
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Figure 4.1. Evolutionary rates of DNA RRR, nuclear control and plastid encoded genes. 
(A) Nonsynonymous (dN) and (B) synonymous (dS) substitution rates of different 
groups are shown.  NUCP, nuclear encoded plastid targeted control genes; NUMT, 
nuclear encoded mitochondrial targeted control genes; NUOT, other nuclear control 
genes; RRR, DNA replication, recombination and repair genes; plastid, plastid encoded 
genes. 
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Figure 4.2. Pearson correlation coefficient between gene evolutionary rates and genome 
complexity. 
Correlation of (A) Nonsynnonymous (dN) and (B) synonymous (dS) substitution 
rates of genes and genome complexity are shown.  NUCP, nuclear encoded plastid 
targeted control genes; NUMT, nuclear encoded mitochondrial targeted control genes; 
NUOT, other nuclear control genes; RRR, DNA replication, recombination and repair 
genes. LCBs - p, IV distance estimated from local collinear blocks; Gene order, IV 
distance estimated from gene order; SDR, small dispersal repeats; Tandem, repeats 
estimated from Tandem Repeat Finder (Benson, 1999);  CDR, number of indels in coding 
and ribosomal RNA regions; Intron, number of indels in intron regions; IG, number of 
indels in intergenic regions;  dN CP, nonsynonymous substitution rates of the plastid 
genome; dS CP, synonymous substitution rates of the plastid genome. 
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Figure 4.3. Significant correlation of evolutionary rates (dN) and genome complexity are 
identified in NUCP, NUMT and RRR but not NUOT genes. 
NUCP, nuclear encoded plastid targeted control genes; NUMT, nuclear encoded 
mitochondrial targeted control genes; NUOT, other nuclear control genes; RRR, DNA 
replication, recombination and repair genes. 
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Figure 4.4. Comparison of evolutionary rates between gene groups of Geraniales and 
Brassicales. 
Ger, gene groups are from Geraniales.  Bra, gene groups are from Brassicales.  
NUCP, nuclear encoded plastid targeted control genes; NUMT, nuclear encoded 
mitochondrial targeted control genes; NUOT, other nuclear control genes; RRR, DNA 
replication, recombination and repair genes;  plastid, plastid encoded genes.  Asterisks 
indicate p < 0.05 (*) and p < 0.001 (**). 
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Appendix Data 
CHAPTER 2 
 
Appendix Figure 2.1 Contiguity and completeness of different protein data sets at E-
value 1 E-10 (1/40th) of the Illumina data was used by Trinity). 
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CHAPTER 3 
 
Appendix Figure 3.1. Phylogeny of the sigma factor families in Geraniales and 
Arabidopsis. 
The unrooted amino acid-based maximum likelihood (ML) tree was generated 
based on alignments of 178 complete sigma factor (SIG) sequences from 27 species of 
Geraniales. (A) The ML tree (-lnL= -75246.8) was generated based on alignment from 
MUSCLE. (B) The ML tree (-lnL= -66362.0) was generated based on alignments from 
ClustalW.  Both methods parsed the 178 sequences into the same six subgroups (enclosed 
in labeled circles).  Numbers at nodes are bootstrap support values.  Scale bar represents 
number of amino acid substitutions per site. 
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Appendix Figure 3.2.  Copy number of the six SIG genes varies across Geraniales. 
(A) sig1, (B) sig2, (C) sig3, (D) sig4, (E) sig5 and (F) sig6.  Blue branches 
indicate gene losses and orange branches indicate duplicated gene copies. Duplicate 
copies of genes are shown with a number following the species name.  Numbers at nodes 
represent bootstrap support values.  Scale bar represents number of nucleotide 
substitutions per codon. 
A.thaliana
M.villosus
F.sonchifolia
P.tetragonum
P.myrrhifolium
P.transvaalense
P.xhortorum
P.exstipulatum
P.dichondrifolium
P.cotyledonis
P.australe
P.citronellum
P.nanum
P.echinatum
P.fugidum
P.incrassatum
M.marlothii
M.emarginata
C.marcrophylla
G.maderense
G.incanum
G.phaeum
E.trifolium
E.foetidum
E.texanum
E.gruinum
E.chrysanthum
97
100
91
96
100
98
69
100
67
100
94
100
56
55
0.06
A
H.bilobata
A.thaliana
P.tetragonum
P.myrrhifolium
P.transvaalense
P.xhortorum
P.exstipulatum
P.dichondrifolium
P.cotyledonis
P.australe
P.citronellum
P.nanum
P.echinatum
P.fugidum
P.incrassatum
M.marlothii
M.emarginata
C.marcrophylla
G.maderense1
G.incanum
G.phaeum
E.trifolium
E.foetidum
E.texanum
E.gruinum
E.chrysanthum
P.transvaalense2
P.tetragonum2
G.maderense2
100
100
100
100
100
100
100
96
67
65
67
100
83
100
95
99
97
0.06
B
F.sonchifolia
M.villosus
H.bilobata
A.thaliana
P.tetragonum
P.myrrhifolium
P.transvaalense
P.xhortorum
P.exstipulatum
P.dichondrifolium
P.cotyledonis
P.australe
P.citronellum
P.nanum
P.echinatum
P.fugidum
P.incrassatum
M.marlothii
M.emarginata
C.marcrophylla
G.maderense
G.incanum
G.phaeum
E.trifolium
E.foetidum
E.texanum
E.gruinum
E.chrysanthum
C
100
100
100
100
100
99
100
100
100
100
100
100
100
100
100
100
65
99
100
0.06
98
F.sonchifolia
M.villosus
H.bilobata
A.thaliana
P.tetragonum
P.myrrhifolium
P.transvaalense
P.xhortorum
P.exstipulatum
P.dichondrifolium
P.cotyledonis
P.australe
P.citronellum
P.nanum
P.echinatum
P.fugidum
P.incrassatum
M.marlothii
M.emarginata
C.marcrophylla
G.maderense
G.incanum
G.phaeum
E.trifolium
E.foetidum
E.texanum
E.gruinum
E.chrysanthum
100
100 100
100
100
100
100
100
100
100
100
100
98
49
64
68
66
0.06
D
80
M.villosus
F.sonchifolia
H.bilobata
A.thaliana
P.tetragonum
P.myrrhifolium
P.transvaalense
P.xhortorum
P.exstipulatum
P.dichondrifolium
P.cotyledonis
P.australe
P.citronellum
P.nanum
P.echinatum
P.fugidum
P.incrassatum
M.marlothii
M.emarginata
C.marcrophylla2
G.maderense3
G.incanum
G.phaeum2
E.trifolium2
E.foetidum2
E.texanum2
E.gruinum
E.chrysanthum
G.phaeum1
G.maderense1
G.maderense2
C.marcrophylla1
E.trifolium1
E.foetidum1
E.texanum1
E
100
100
100
100
100
100
100
100
100
100
100
100
100
99
97
56
99
99
100
100
40
69
100
98
100
100
100
100
100
100 100
93
63
0.06
F.sonchifolia
M.villosus
H.bilobata
A.thaliana
P.tetragonum
P.myrrhifolium
P.transvaalense
P.xhortorum
P.exstipulatum
P.dichondrifolium
P.cotyledonis
P.australe
P.citronellum
P.nanum
P.echinatum
P.fugidum
P.incrassatum
M.marlothii
M.emarginata
C.marcrophylla
G.maderense
G.incanum
G.phaeum
E.trifolium
E.foetidum
E.texanum
E.gruinum
E.chrysanthum
C.marcrophylla2
E.foetidum2
E.trifolium2
P.cotyledonis2
P.australe2
P.exstipulatum2
P.dichondrifolium2
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
96
100
100
100
56
100
99
61
73
100
65
100
98
93
97
72
F
0.06
M.villosus
F.sonchifolia
H.bilobata
sig1 sig2
sig3 sig4
sig5 sig6
100 100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100 100
100
100
100
100
100
100 100
100
100
100
 83 
 
Appendix Figure 3.3.  Multiple gene duplication and loss events in Geraniales. 
Cladograms inferred by Notung show gene duplication and loss events of (A) 
sig1, (B) sig2, (C) sig3, (D) sig4, (E) sig5 and (F) sig6.  Blue branches indicate gene 
losses and orange branches indicate gene duplications.  The duplicated nodes are marked 
with orange letter “D”.  The ancestral node involved in a loss event is named as “n” plus 
the node number (e.g. n353 in cladogram B).  
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Appendix Figure 3.4.  Shared clade-specific synonymous rate (dS) acceleration in 
Geraniaceae. 
RNAP and SIG genes are highlighted in blue and orange on the constraint tree 
(Appendix Figure 3.11), respectively.  Numbers at nodes indicate accelerated dS in 
corresponding gene from the key at left.  Scale bar represents the number of nucleotide 
substitutions per codon.  The branch leading to species E. chrysanthum and E. gruinum 
was interrupted for ease of visualization. 
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Appendix Figure 3.5.  Maximum likelihood tree of 27 species from Geraniales and 
Arabidopsis. 
Twelve plastid genes were used to construct the constraint tree (see Methods).  
All nodes have bootstrap values of 100 except those shown at nodes on the tree.  Generic 
names are shown on the right and clade designations within each genus are indicated at 
nodes in the tree.  Scale bar indicates numbers of nucleotide substitutions per codon. 
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Appendix Figure 3.6.  Strong correlation of nonsynonymous (dN) but not synonymous 
(dS) substitution rates between sig1/2/5 and RNAP genes by three 
modifications of mirror tree methods using conserved domains. 
The conserved domains of rpoA/B and SIG genes, and the entire sequences of 
rpoC1/C2 and control genes were used in the analyses.  The correlation of dN and dS 
values were calculated by (A) average method (all), (B) average method (separation) and 
(C) PCA.  All interaction pairs with a correlation coefficient higher than 0.6 were 
considered significant and are indicated with a blue square.  The rate correlations 
between RNAP and SIG genes are highlighted with an orange rectangle.  RNAP and SIG 
genes, highlighted in blue and orange fonts respectively, show strong correlation of dN 
but not dS (highlighted in orange shaded box), and no or few correlation of dN between 
RNAP/SIG genes and the control genes (in black font) was detected.  Gene names and 
cellular location corresponding to each number are given below the diagram.  
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Appendix Figure 3.7.  Little to no correlation of nonsynonymous (dN) or synonymous 
(dS) substitution rates between sig3/4/6 and RNAP genes by three mirror 
tree methods. 
The entire sequence of each gene was used in the analyses.  Substitution rates 
(dN, lower; dS, upper) were calculated for (A-C) sig3, (D-F) sig4 and (G-I) sig6 using 
three methods: (A,D,G) average by all, (B,E,H) average by separation and (C,F,I) PCA.  
Interaction pairs with a correlation coefficient higher than 0.6 were considered significant 
and are indicated with a blue square.  The rate correlations between RNAP and SIG genes 
are highlighted with an orange rectangle.  A single correlation between dS for sig3 and 
rpoC2 was detected in (B).  Gene names and cellular location corresponding to each 
number are given below the diagram. 
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Appendix Figure 3.8.  Little to no correlation of nonsynonymous (dN) or synonymous 
(dS) substitution rates between sig3/4/6 and RNAP genes by three mirror 
tree methods using conserved domains. 
The conserved domains of rpoA/B and SIG genes, and the entire sequences of 
rpoC1/C2 and control genes were used in the analyses.  Substitution rates (dN, lower; dS, 
upper) were calculated for (A-C) sig3, (D-F) sig4 and (G-I) sig6 using three methods: 
(A,D,G) average by all,  (B,E,H) average by separation and (C,F,I) PCA.  Interaction 
pairs with a correlation coefficient higher than 0.6 were considered significant and are 
indicated with a blue square.  The rate correlations between RNAP and SIG genes were 
highlighted with an orange shaded rectangle.  A single correlation between dN for sig6 
and rpoC1 was detected in (I).  Gene names and cellular location corresponding to each 
number are given below the diagram.  
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Appendix Figure 3.9.  Strong correlation of nonsynonymous (dN) but not synonymous 
(dS) substitution rates between sig1/2/5 and RNAP genes by three mirror 
tree methods using the entire sequences and a second set of 10 nuclear 
control genes. 
The correlation of dN and dS values between SIG/RNAP genes and the additional 
control gene set (see Methods) was calculated by (A) average method (all), (B) average 
method (separate) and (C) PCA.  All interaction pairs with a correlation coefficient 
higher than 0.6 were considered significant and are indicated with a blue square.  The rate 
correlations between RNAP and SIG genes are highlighted with an orange shaded 
rectangle.  RNAP and SIG genes, highlighted in blue and orange fonts respectively, show 
strong correlation of dN but not dS and no or few correlations of dN were detected 
between RNAP/SIG genes and the control genes (in black font).  Gene names and 
cellular location corresponding to each number are given below the diagram.  
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Appendix Figure 3.10.  Strong correlation of nonsynonymous (dN) but not synonymous 
(dS) substitution rates between sig1/2/5 and RNAP genes by three mirror 
tree methods using the entire sequences with a third set of 10 nuclear control 
genes. 
The entire sequence of each gene (except for rpoA/B, SIG) was used in the 
analyses.  The correlation of dN and dS values between SIG/RNAP genes and the 
additional control gene set (see Methods) were calculated by (A) average method (all), 
(B) average method (separate) and (C) PCA.  All interaction pairs with a correlation 
coefficient higher than 0.6 were considered significant and are indicated with a blue 
square.  The rate correlations between RNAP and SIG genes are highlighted with an 
orange rectangle.  RNAP and SIG genes, highlighted in blue and orange fonts 
respectively, show strong correlation of dN but not dS, and no or few correlations of dN 
were detected between RNAP/SIG genes and the control genes (in black font).  Gene 
names and cellular location corresponding to each number are given below the diagram. 
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Appendix Figure 3.11.  The distribution of distances between amino acid pairs predicted 
to be involved in structurally-mediated coevolution. 
Among the 4223 residue pairs predicted to be involved in compensatory evolution 
by CoMap (see Methods), only one pair had a distance less than 5 Å.  
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Appendix Table 3.1.  Summary of accession numbers, RT-PCR results and voucher 
information for all species examined. 
Voucher information with collector and collection numbers used for both genome 
and transcriptome sequencing are deposited at TEX-LL.  CB = Chris Blazier, Weng = 
Mao-Lun Weng, JZ = Jin Zhang. 
Species sig1 sig2 sig3 sig4 sig5 sig6 Voucher 
California 
macrophylla 
KJ916853 KJ916880 KJ916910 KJ916934 KJ916958* 
KJ916959* 
KJ916992* 
KJ916993* 
CB 
G1030 
Erodium 
chrysanthum 
KJ916854 KJ916881 KJ916911 KJ916935 KJ916960 KJ916994 CB 
G1039 
Erodium 
cheilanthifolium  
KJ916855 KJ916882 KJ916912 - KJ916961* 
KJ916962* 
KJ916995* 
KJ916996* 
Weng 
G1032 
Erodium 
gruinum 
KJ916856 KJ916883 KJ916913 - KJ916963 KJ916997 CB 
G1042 
Erodium 
texanum 
KJ916857 KJ916884 KJ916914 KJ916936 KJ916964* 
KJ916965* 
KJ916998 CB 
G1018 
Erodium 
trifolium 
KJ916858 KJ916885 KJ916915 KJ916937 KJ916966 
KJ916967 
KJ916999* 
KJ917000* 
Weng 
G1042 
Francoa 
sonchifolia 
KJ916859 KJ916886 KJ916916 - KJ916968 KJ917001 Weng 
G1034 
Geranium 
incanum 
KJ916860 KJ916887 KJ916917 KJ916938 KJ916969 KJ917002 JZ 
G1001 
Geranium 
maderense 
KJ916861 KJ916888 
KJ916889 
KJ916918 KJ916939 KJ916970* 
KJ916971* 
KJ916972* 
KJ917003 Weng 
G1046 
Geranium 
phaeum 
KJ916862 KJ916890 KJ916919 KJ916940 KJ916973* 
KJ916974* 
KJ917004 Weng 
G1036 
Hypseocharis 
bilobata 
KJ916863 KJ916891 KJ916920 KJ916941 KJ916975 - Weng 
G1041 
Melianthus 
villosus 
KJ916864 KJ916892 KJ916921 KJ916942 KJ916976 KJ917005 CB 
G1032 
Monsonia 
emarginata 
KJ916865 KJ916893 KJ916922 KJ916943 KJ916977 KJ917006 Weng 
G1033 
Monsonia 
marlothii 
KJ916866 KJ916894 KJ916923 KJ916944 KJ916978 KJ917007 Weng 
G1075 
Pelargonium 
australe 
KJ916867 KJ916895 KJ916924 KJ916945 KJ916979 KJ917008* 
KJ917009* 
Weng 
G1002 
Pelargonium 
citronellum 
KJ916868 KJ916896 KJ916925 KJ916946 KJ916980 KJ917010 Weng 
G1006 
Pelargonium 
cotyledonis 
KJ916869 KJ916897 KJ916926 KJ916947 KJ916981 KJ917011* 
KJ917012* 
Weng 
G1004 
Pelargonium 
dichondrifolium 
KJ916870 KJ916898 KJ916927 KJ916948 KJ916982 KJ917013* 
KJ917014* 
Weng 
G1010 
Pelargonium 
echinatum 
KJ916871 KJ916899 KJ916928 KJ916949 KJ916983 KJ917015 Weng 
G1018 
 93 
Pelargonium 
exstipulatum 
KJ916872 KJ916900 KJ916929 KJ916950 KJ916984 KJ917016* 
KJ917017* 
Weng 
G1020 
Pelargonium 
fulgidum 
KJ916873 KJ916901 KJ916930 KJ916951 KJ916985 KJ917018 Weng 
G1026 
Pelargonium 
incrassatum 
KJ916874 KJ916902 KJ916931 KJ916952 KJ916986 KJ917019 Weng 
G1009 
Pelargonium 
myrrhifolium 
KJ916875 KJ916903 - KJ916953 KJ916987 KJ917020 CB 
G1006 
Pelargonium 
nanum 
KJ916876 KJ916904 - KJ916954 KJ916988 KJ917021 CB 
G1015 
Pelargonium 
tetragonum 
KJ916877 KJ916905* 
KJ916906* 
- KJ916955 KJ916989 KJ917022 Weng 
G1007 
Pelargonium 
transvalenese 
KJ916878 KJ916907* 
KJ916908* 
KJ916932 KJ916956 KJ916990 KJ917023 CB 
G1005 
Pelargonium x 
hortorum 
KJ916879 KJ916909 KJ916933 KJ916957 KJ916991 KJ917024 Weng 
G1003 
* This sequence has been verified by RT-PCR. 
- This gene is either missing or pseudogenized.  
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Appendix Table 3.2.  Summary of SIG gene duplication and loss events in Geraniales. 
Findings from Notung analysis (Durand et al., 2006).  “D” indicates gene 
duplication, “L” indicates gene loss events and “-” indicates absence of any events.  See 
Appendix Figure 3.3 for location of these events in phylogenetic trees. 
 sig1 sig2 sig3 sig4 sig5 sig6 
California macrophylla - - - - D D 
Erodium chrysanthum - - - - - - 
Erodium cheilanthifolium  - - - - D D 
Erodium gruinum - - - - - - 
Erodium texanum - - - - D - 
Erodium trifolium - - - - D D 
Francoa sonchifolia - - - L - - 
Geranium incanum - - - - L - 
Geranium maderense - D - - D - 
Geranium phaeum - - - - D - 
Hypseocharis bilobata - - - - - L 
Melianthus villosus - - - - - - 
Monsonia emarginata - - - - D - 
Monsonia marlothii - - - - D - 
Pelargonium australe - - D/L - - D 
Pelargonium citronellum - D/L - - - - 
Pelargonium cotyledonis - - L - - D 
Pelargonium dichondrifolium - - - - - D 
Pelargonium echinatum - - - - - - 
Pelargonium exstipulatum - - - - - D 
Pelargonium fulgidum - - - - - - 
Pelargonium incrassatum - - - - - - 
Pelargonium myrrhifolium - L - - - - 
Pelargonium nanum - L L - - - 
Pelargonium tetragonum - D - - - - 
Pelargonium transvalenese - D - - - - 
Pelargonium x hortorum - L - - - - 
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Appendix Table 3.3.  Pairwise comparison of evolutionary rates from different alignment 
methods. 
Alignments are available in Supplementary Data Set 2. 
  dN    dS  
Cosine 
similarity 
MAFFT 
– 
MUSCLE 
MAFFT 
– 
ClustalW 
MUCLE 
– 
ClustalW 
 MAFFT 
– 
MUSCLE 
MAFFT 
– 
ClustalW 
MUCLE 
– 
ClustalW 
atpA 1 1 1  1 1 1 
atpB 1 1 1  1 1 1 
cemA 1 1 1  1 0.99 0.99 
matK 1 1 1  1 1 1 
petB 1 1 1  1 1 1 
psaA 1 0.99 1  1 1 1 
psbC 1 0.99 0.99  1 1 1 
rbcL 1 1 1  1 1 1 
rpl14 1 0.99 0.99  1 1 1 
rps2 1 1 1  0.99 1 1 
rpoA 0.99 0.99 1  0.99 0.98 0.99 
rpoB 1 1 1  1 1 1 
rpoC1 1 1 1  1 1 1 
rpoC2 1 1 1  1 1 1 
sig1 1 0.99 1  1 1 1 
sig2 1 1 1  1 1 1 
sig3 1 0.61 0.60  1 0.81 0.75 
sig4 1 1 1  1 1 1 
sig5 1 1 1  1 1 1 
sig6 1 1 1  1 1 1 
ccs1 1 1 1  1 1 1 
rh22 1 1 1  1 1 1 
pde194 1 1 1  1 1 1 
rabGAP 1 1 1  1 1 1 
OXase 1 1 1  1 1 1 
m24 1 1 1  1 1 1 
ppr 1 1 1  1 1 1 
TF 1 1 1  1 1 1 
TTL 1 1 1  1 1 1 
nprb7 1 1 1  1 1 1 
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Appendix Table 3.4.  The number of interaction pairs with a rate coefficient of over 0.6 
within corresponding genes. 
RNAP contains rpoA, rpoB, rpoC1 and rpoC2.  Rates of rpoA, rpoB and SIG 
genes were calculated using the conserved domains and rates of rpoC1, rpoC2 were 
calculated using the entire sequences (see Methods).  Results of the average by all 
method (ρava), average by separation method (ρavs) and PCA method (ρpca) are shown. 
  dN  dS 
interactions*   ρava ρavs ρpca  ρava ρavs ρpca 
RNAP – RNAP (6)   5  3  5   2  0  3  
RNAP – sig1 (4)   3  2  3   0  0  0  
RNAP – sig2 (4)   3  2  3   0  0  0  
RNAP – sig3 (4)   0  0  0   0  0  0  
RNAP – sig4 (4)   0  0  0   0  0  0  
RNAP – sig5 (4)   0  0  0   0  0  0  
RNAP – sig6 (4)   0  0  1   0  0  0  
RNAP – control (80)  0  0  0   10  0  8  
sig1 – control (20)  0  0  0   4  0  4  
sig2 – control (20)   1 0  1   2  0  0  
sig3 – control (20)  3  1  0   7  8  8  
sig4 – control (20)   0  0  0   7  2  4  
sig5 – control (20)   0  0  0   9  0  5  
sig6 – control (20)   0  0  0   9  0  9  
* The number in parentheses is the total number of interaction pairs within corresponding 
genes.  
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Appendix Table 3.5. Ranksum test of rate correlation coefficient using conserved 
domains. 
Rates of rpoA, rpoB and SIG were calculated using the conserved domains and 
rates of rpoC1 and rpoC2 were calculated using the entire sequences (see Methods). 
Correlation coefficients ranked significantly higher in the overall interaction pairs are 
indicated with “+”.  Coefficients that are not ranked significantly higher are indicated 
with “-”.  Pt is the group of control genes from the plastid genome and nu is the group of 
control genes from the nuclear genome.  Results of the average by all tree method (ρava), 
average by separation method (ρavs) and PCA method (ρpca) are shown. 
  dN  dS 
interactions  ρava ρavs ρpca  ρava ρavs ρpca 
RNAP - RNAP  + + +  - - - 
RNAP - sig1  - + +  - - - 
RNAP - sig2  - + +  - - - 
RNAP - sig3  - - -  - - - 
RNAP - sig4  - - -  - - - 
RNAP - sig5  - - +  - - - 
RNAP - sig6  - + +  - - - 
RNAP - pt  - - -  - - - 
RNAP - nu  - - -  - - - 
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Appendix Table 3.6.  Test of dS saturation of 30 genes. 
The P value indicates the significance of the improvement of sum of squares from 
the linear model to the quadratic model 
gene P value gene P value gene P value 
rbcL <0.05* rpoA <0.05 ccs1 <0.05 
cemA <0.05 rpoB <0.05 rh22 <0.05 
atpA <0.05 rpoC1 <0.05 ppd194 <0.05 
atpB <0.05 rpoC2 <0.05 rabGAP <0.05 
matK >0.05* sig1 <0.05 OXase <0.05 
petB >0.05 sig2 <0.05 m24 <0.05 
psaA <0.05 sig3 <0.05 ppr <0.05 
psbC >0.05 sig4 <0.05 TTR >0.05* 
rpl14 >0.05 sig5 <0.05 TF <0.05 
rps2 <0.05 sig6 <0.05 nprb7 >0.05* 
* The best fit quadratic model has a concave shape.  
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Appendix Table 3.7.  Analysis of interaction sites and overlap between the coevolving 
and interaction sites. 
The number of sites involved in both coevolution and interaction is shown. 
 SIG rpoA rpoB rpoC 
CMA* 96 14 62 100 
sig1 17 0 8 18 
sig2 16 0 3 9 
sig3 17 0 6 14 
sig4 14 0 4 12 
sig5 26 0 8 13 
sig6 26 0 7 17 
Distance** 118 9 47 82 
sig1 21 0 8 15 
sig2 21 0 1 6 
sig3 15 0 6 13 
sig4 17 0 4 11 
sig5 26 0 6 9 
sig6 31 0 6 13 
* The number of interaction sites predicted by contact map analysis (CMA). 
** The number of interaction sites predicted by direct distance estimation.
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CHAPTER 4 
 
Appendix Figure 4.1.  Maximum likelihood tree of 27 species from Geraniales and 
Arabidopsis. 
Twelve plastid genes were used to construct the constraint tree (see Methods). All 
nodes have bootstrap values of 100 except those shown at nodes on the tree.  Generic 
names are shown on the right and clade designations within each genus are indicated at 
nodes in the tree. Scale bar indicates numbers of nucleotide substitutions per codon. 
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Appendix Figure 4.2.  Measures of genome rearrangement of 27 Geraniales species. 
(A) Inversion and (B) breakpoint distances were estimated based on order of 
Local Collinear Blocks (LCBs) generated by pairwise or multiple genome alignments 
using Mauve, or on synteny of shared genes. 
 105 
 
 
Appendix Figure 4.3.  Enumeration of repeats and insertions/deletions (indels) in 27 
Geraniales species. 
(A) Number of small dispersal repeats (SDR) and tandem repeats, and (B) 
insertion and deletions (indels) of coding and ribosomal RNA (CDR), intergenic (IG) and 
intron regions. 
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Appendix Table 4.1. Read statistics for genome sequencing of two Monsonia species. 
species sequencing 
platform 
number of reads average read 
length (bp) 
insert size (bp) 
M. emarginata Illumina HiSeq 
2000 
62,496,270 100 767±60 
M. emarginata PacBio 126,535 2,191 n/a 
M. marlothii Illumina HiSeq 
2000 
23,253,398 100 741±187 
M. marlothii PacBio 59,666 1,888 n/a 
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Appendix Table 4.2. Genes and genomic regions involved in indel estimation. 
The names in the intron row indicate genes containing introns with indels.  The 
gene pairs in the intergenic regions row indicate the genes flanking the intergenic regions 
analyzed. 
Region1 Content 
CDR rrn4.5, rrn5, rrn16, rrn23, atpA, atpB, atpE, atpF, atpH, atpI, ccsA, cemA, 
matK, petA, petB, petD, petG, petL, petN, psaA, psaB, psaC, psaI, psaJ, psbA, 
psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbK, psbL, psbM, psbN, 
psbT, psbZ, rbcL, rpl2, rpl14, rpl16, rpl20, rpl22, rpl32, rpl33, rpl36, rpoA, 
rpoB, rpoC1, rpoC2, rps2, rps3, rps4, rps7, rps11, rps14, rps15, rps16, rps19, 
ycf3, ycf4 
 
Intron atpF, ndhB, petB, petD, trnG-UCC, trnI-GAU, trnL-UAA, ycf3 
 
IG atpB - rbcL, atpH - atpF, cemA - petA, ndhJ - trnF-GAA,         petA - psbJ, 
petB - petD, petG - petL, petG - trnW-CCA,  
petL - psbE, petN - psbM, psaC - ndhD, psbB - psbT,  
psbH - petB, psbK - psbI, psbL - psbJ, psbN - psbH, rpl14 - rps8, rpl16 - rpl14, 
rpl36 - rps11, rpoC2 - rps2, trnH-GUG - psbA,  
trnL-UAG - ccsA, trnP-UGG - trnW-CCA, trnY-GUA - trnD-GUC 
1Genome complexity abbreviations: CDR, number of indels in coding and ribosomal 
RNA regions;  Intron, number of indels in intron regions;  IG, number of indels in 
intergenic regions. 
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Appendix Table 4.3.  Correlation among measures of genome rearrangement. 
Inversion (IV) or Breakpoint (BP) distance was estimated based on either the 
order of local collinear blocks (LCBs) generated by pairwise genome alignments (LCB - 
p), or multiple genome alignments (LCB - g), or on the order of shared genes. 
Measure IV 
LCB - p 
BP  
LCB - p 
IV  
LCB - g 
BP 
LCB - g 
IV 
gene order  
BP LCB - p 0.97     
IV LCB - g 0.95 0.95    
BP LCB - g 0.93 0.95 0.97   
IV gene order 0.87 0.87 0.86 0.81  
BP gene order 0.86 0.87 0.86 0.83 0.98 
 
  
 109 
Appendix Table 4.4.  Correlation among measures of genome complexity. 
Measure LCB 
- p1 
Gene 
order1 
SDR1 Tandem1 CDR1  Intron1  IG1  dN CP1 dS  CP1 
LCB - p1          
Gene order1 0.88         
SDR1 -0.12 -0.04        
Tandem1 -0.14 0.02 0.68       
CDR1 0.36 0.34 0.38 0.41      
Intron1  -0.22 -0.24 0.53 0.59 0.72     
IG1 0.39 0.47 0.33 0.4 0.49 0.21    
dN CP1  0.48 0.33 0.12 0.18 0.92 0.6 0.36   
dS CP1  0.56 0.41 0.13 0.16 0.77 0.42 0.67 0.83  
1Genome complexity abbreviations: LCBs - p, IV distance estimated from local collinear 
blocks;  Gene order, IV distance estimated from gene order;  SDR, small dispersal 
repeats;  Tandem, repeats estimated from Tandem Repeat Finder (Benson, 1999);  CDR, 
number of indels in coding and ribosomal RNA regions;  Intron, number of indels in 
intron regions;  IG, number of indels in intergenic regions;  dN CP, nonsynonymous 
substitution rates of the plastid genome;  dS CP, synonymous substitution rates of the 
plastid genome. 
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Appendix Table 4.5. Genes showing significant correlation of nonsynonymous 
substitution rate (dN) with genome complexity.  
Measures of genome complexity lacking correlation to any genes were excluded.  
Detailed information for each gene is included in Supplemental Data File 4.1.   
Gene subcellular 
location1 
CDR3  Intron3  IG3  dN 
CP3 
dS 
CP3 
pde194 P +2 - - - + 
ccs1 P - - + - + 
rh22 P + + - + - 
RAP P + - - - - 
ccp P - - + - - 
tyfc P + + - - - 
ppr P + - - + - 
PTAC13 P + - - + - 
NOL1 P + - + - - 
TPRl P - - + - + 
gyra P - - - + - 
uvrB P + + - + - 
why1 P + - - - - 
PSD1 M - - + - - 
MPPALPHA P/M - - + - - 
maturase P/M - - - + - 
1P, plastid targeted;  M, mitochondrion targeted.   
2Significant correlation is indicated with “+” and non-significant correlation is shown 
with “-”. 
3Genome complexity abbreviations: CDR, number of indels in coding and ribosomal 
RNA regions;  Intron, number of indels in intron regions;  IG, number of indels in 
intergenic regions;  dN CP, nonsynonymous substitution rates of the plastid genome;  dS 
CP, synonymous substitution rates of the plastid genome.  
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Appendix Table 4.6.  Accession information for Brassicales data. 
species transcriptome plastid genome 
Arabidopsis lyrata Phytozome1 JGI2 
Arabidopsis thaliana Phytozome NC_000932 
Capsella bursa-pastoris SRR1198325 NC_009270 
Arabis alpina SRR1647718 NC_023367 
Barbarea verna SRR1198323 NC_009269 
Brassica rapa Phytozome NC_015139 
Brassica napus ERX397793 NC_016734 
Pachycladon cheesemanii SRR364071 NC_021102 
Raphanus sativus SRR922465 NC_024469 
Carica papaya Phytozome NC_010323 
1Phytozome: http://phytozome.jgi.doe.gov/pz/portal.html 
2JGI: http://genome.jgi-psf.org/Araly1/Araly1.download.ftp.html 
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Appendix Table 4.7. Genes used in rate comparisons between Geraniales and Brassicales. 
Group1 Genes 
NUCP ccs1, rh22, pde194, EMB2219, RAP, HAD, ccp, HAD-like, tyfc, ppr, SUFS, 
amidase hydrose, PTAC13, NOL1, PCB2, UPM1, CGI-126L, amdmt, soulhb, 
TPR1, latglu, abhydrolase, Aspartase, SCY2, APX4, abHYD, PDE149 
 
NUMT OXase, pprf, rrc, rps5L, mpt,  NAP10, PSD1, ISE1, pnat, ATP12r, Lojap, 
DECOY, Isu1, uboxase, tim, MPPALPHA, NDB1, NFU4, PPR336 
 
NUOT unf, eIF2A, rabGAP, m24, TF, Yabk, AtSec20, ATSFGH, polII, 26Sregulator, 
F-box, nprb7, AMP, amdmt, NagB, ARPC4, ELP6, CoG6L, amdmtf, unfp 
 
RRR drt112, gyra, reca1, smr, mmr2 
 
plastid atpA, atpB, atpE, atpF, atpH, atpI, ccsA, cemA, matK, petA, petB, petD, 
petG, petL, petN, psaA, psaB, psaC, psaI, psaJ, psbA, psbB, psbC, psbD, 
psbE, psbF, psbH, psbI, psbJ, psbK, psbL, psbM, psbN, psbT, psbZ, rbcL, 
rpl2, rpl14, rpl16, rpl20, rpl22, rpl32, rpl33, rpl36, rpoA, rpoB, rpoC1, 
rpoC2, rps2, rps3, rps4, rps7, rps11, rps14, rps15, rps16, rps19, ycf3, ycf4 
1Genome complexity abbreviation:  NUCP, nuclear encoded plastid targeted control 
genes;  NUMT, nuclear encoded mitochondrial targeted control genes;  NUOT, other 
nuclear control genes;  RRR, DNA replication, recombination and repair genes;  plastid, 
plastid encoded genes. 
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